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PREFACE 


The work described in this report was conducted by the NASA Atmospheric 
Lidar Working Group, which was formed by the NASA Offices of Space Science and 
Applications. The working group was coordinated by the Atmospheric Lidar Study 
Office at the NASA Langley Research Center. The purpose of this working group 
was to 


(1 ) Review, and expand upon the scientific rationale for a spaceborne atmo- 
spheric lidar described in the 1973 report; "Science Objectives of the Atmo- 
spheric, Magnetospheric, and Plasmas in Space (AMPS) Payload for Spacelab/ 
Shuttle" and consider additional applications objectives. 

(2) Identify the equipment to conduct this research and, in the case of 
development items, assist NASA in defining a program of technological research 
and development that will eventually lead to the necessary flight systems. 

(3) Identify areas of theoretical and laboratory research which must be 
undertaken to support the program. 


The working group was initially convened in September 1977. The material 
presented in this report is a result of eight meetings of the working group, 
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INTRODUCTION 


A Multiuser Shuttle lidar facility is needed to provide unique and essen- 
tial information about processes governing the composition, transformations, 
and dynamics of the Earth's atmosphere. It is well known that the concentra- 
tions of certain atmospheric constituents have been increasing steadily and 
that there are projections of concomitant changes in global temperature, 
climate, weather, and air quality. While some of these increases are due to 
natural causes, others result from the activities of mankind - to what extent 
we don't know. Since the consequences may seriously affect life on Earth, it 
is of the utmost importance that every technique which may bring us closer to 
an understanding of the Earth’s atmosphere be explored. 

One of the significant conclusions that has emerged from research con- 
ducted to date is that the classical way of viewing the atmosphere as independ- 
ent layers, i.e., the troposphere, stratosphere, etc., is not suitable for 
studying current problems. These atmospheric layers are strongly coupled, and 
the understanding of any one requires knowledge about the others. This has led 
to the need to measure many parameters simultaneously, over an extended alti- 
tude range, with the global or synoptic coverage obtainable only by satellite. 

Passive instruments are being developed for satellite-based remote sensing 
of the atmosphere; they include infrared radiometers, interferometers, hetero- 
dyne receivers, millimeter-wave spectrometers, and ultraviolet and visible 
spectrometers. Each of these instruments has limitations, and several operate 
only during solar sunrise or sunset transitions. Active laser systems on an 
orbiting satellite will provide capabilities not possible with passive sensors. 
Such laser systems are now being evaluated by experiments involving ground- 
based, aircraft, and balloon-borne platforms. Their potential for synoptic 
measurements with high sensitivity, high specificity, high spatial resolution, 
and day or night operation is evaluated in this report. 

Space Shuttle provides the ideal platform for performing important lidar 
experiments: both for improving understanding of the Earth's atmosphere and 

for developing active laser systems that will eventually be placed on free- 
flying satellites. In order to develop the rationale for a Shuttle atmospheric 
lidar system, an international working group of scientists was convened by the 
National Aeronautics and Space Administration (NASA) in September 1977. Their 
charter included the definition of a general set of science and applications 
objectives and experiment classes that could be conducted with a Shuttle borne 
lidar. The working group assessed the current technology in the areas of 
lasers, receivers, and detectors and proposed a model for the sequence of lidar 
experiments. The key considerations and conclusions of the study, determined 
from the coordinated efforts of the NASA Atmospheric Lidar Working Group, are 
discussed in this report. 

The primary goals of the Shuttle atmospheric lidar program are to contrib- 
ute to an understanding of the processes governing the Earth's atmosphere and 



to evaluate atmospheric susceptibility to manmade and natural perturbations. 
Lidar measurements from space have a variety of features that are important to 
such a program. Among these are high spatial resolution, control of the source 
wavelength and intensity, and high measurement specificity. This report pre- 
sents the rationale for exploiting these unique features from the Space Shuttle 
in pursuit of these goals. 

Lidar can make an important contribution to seven major science and appli- 
cations objectives identified by the working group: 

(T ) Determination of the global flow of water vapor and pollutants in the 
troposphere and lower stratosphere. 

(2) Improvement of chemical and transport models of the stratosphere and 
mesosphere. 

(3) Evaluation of radiative models of the atmosphere. 

(4) Augmentation of the meteorological data base. 

(5) Investigation of excitation, propagation, and dissipation of wave 
motions in the upper atmosphere. 

(6) Investigation of chemistry and transport of thermospheric atomic 
species. 

(7) Investigation of magnetospheric aspects of Sun/weather relationships. 
Each of these objectives and their requirements are discussed in this report. 

The working group also identified a set of 26 candidate experiment classes 
which significantly contribute to the seven science objectives: 

(■> ) Cloud-top heights 

(2) Tropospheric cloud and aerosol profiles 

(3) Cirrus ice-water discrimination 

(4) Noctilucent clouds and circumpolar particulate layer profiles 

(5) Surface albedo 

(6) Stratospheric aerosol profiles 

(7) Alkali atom density profiles (Na, K, Li) 

(8) Ionospheric metal ion distributions (Mg'*', Fe'*', Ca"*") 

(9) Water-vapor profiles 

(10) Trace species measurements (O3, H2O, NH3, CFM's, etc.) - Total 

burden; rough profiles 

(11) Chemical release diagnosis 

(12) Stratospheric ozone profiles 

(13) Upper atmosphere trace species profiles (two-satellite) 

(14) Na temperature and winds 

(TS) Surface and cloud-top pressure measurements 

(16) Tropospheric pressure profiles 

(17) Tropospheric temperature profiles 

(18) Trace species (O3, H2O, NH3, C2H4, etc.) profiles 
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(T 9) Cloud- top winds 

(20) Aerosol winds 

(2'’) OH density profiles 

(22) Metal atom/ion/oxide profile (Mg/Mg ‘*'/MgO, 80 to 600 km) 

(23) Tropospheric NO2 burden profile 

(24) Stratospheric aerosol composition 

(25) NO density profiles (70 to 150 km) 

(26) Atomic oxygen profiles (80 to 150 km) 

These experiment classes serve as a basis for the establishment of requirements 
for a lidar system which would be flexible enough to permit a wide range of 
potential investigations. This report examines these experiment classes as to 
feasibility, uniqueness, and specialized requirements, as well as to how they 
address the science and applications objectives. 

This report also describes an evolutionary program flow that incorporates 
realistic hardware development constraints into a coordinated sequence of lidar 
investigations to address the seven science objectives. 

Appendixes A, B, C, and D contain detailed descriptions of each candidate 
experiment, as well as technology assessments of laser sources, transmitting 
and receiving optics, and detectors for potential use on Shuttle lidar. A 
glossary of acronyms, abbreviations, and symbols is included as appendix E. 

Use of trade names or names of manufacturers in this report does not 
constitute an official endorsement of such products or manufacturers, either 
expressed or implied, by the National Aeronautics and Space Administration. 
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SCIENTIFIC INVESTIGATIONS WITH SHUTTLE LIDAR 


RATIONALE FOR LIDAR ON SPACE SHUTTLE 

Since the early 1960s, the development of atmospheric probing instrumenta- 
tion incorporating lasers has led to a variety of lidar techniques for observ- 
ing the atmosphere. The number of laser atmospheric studies has steadily 
increased since 1963 when the first measurements of atmospheric properties - 
lidar echoes from dust layers in the upper atmosphere - were reported. Rapid 
advances in the development of lasers and concomitant advances in electronics 
technology have contributed to the development of reliable, efficient lidar 
systems for use in atmospheric studies. The feasibility of making lidar mea- 
surements has now been firmly established in a wide variety of field measure- 
ment programs. Although the first lidar experiments were carried out from 
fixed ground-based sites, the advantages of operating a lidar system from a 
moving platform have been demonstrated by a number of lidar systems that have 
been developed and successfully operated from research aircraft, ships, and 
instrumented trailers or vans. The use of a space-borne platform would capi- 
talize on the unique capabilities of the lidar technique to probe the atmo- 
sphere with high spatial resolution, providing global observations of certain 
species and atmospheric parameters on a continuous around-the-clock basis. For 
some experiments, such as those which examine the evolution of the atmosphere 
on a global scale, this ability to obtain an effectively instantaneous "snap- 
shot" of the atmosphere is essential. 

Although a variety of in situ and passive remote sensing techniques are 
available for measuring some of the atmospheric parameters needed for an under- 
standing of the Earth's atmosphere, the combination of spatial resolution and 
sensitivity inherent in a Shuttle borne lidar can seldom be equalled by these 
other measurement systems. For the lidar technique, the vertical distribution 
of a species is derived directly from observations of the magnitude of the laser 
echo as a function of the time interval from laser pulsing; with passive remote 
sensors, on the other hand, vertical profiles must be inferred by using spectral 
or geometric inversion techniques. Typical laser pulse lengths of order 30 ns 
correspond to lidar range resolutions of less than 5 m. The horizontal resolu- 
tion for a single laser pulse is also high. For example, the pulse diameter of 
a 1 mrad laser beam at a range of 300 km is only 300 m; the beam diameter can be 
made correspondingly narrower or wider by varying the divergence of the trans- 
mitted laser pulse; Frequently, a number of consecutive laser echoes will be 
averaged in order to achieve an adequate signal-to-noise ratio for a specific 
experiment; the horizontal resolution is then determined by the distance that 
the spacecraft travels while the required number of pulses are being trans- 
mitted. Many atmospheric experiments may not require the high vertical resolu- 
tion inherent in the lidar technique. For such cases, simple trade-offs between 
horizontal and vertical resolution are accomplished by integrating individual 
laser echoes over much longer range intervals (e.g., over 500 m range incre- 
ments) to achieve the required signal-to-noise ratio with fewer laser pulses. 
While certain in situ techniques may provide comparable spatial resolution in 
one dimension (e.g., vertical profiles of atmospheric constituents obtained by 
rocket-borne instruments), they cannot provide the nearly instantaneous two- 
dimensional cross sections that would be obtained with a Shuttle borne lidar. 
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In certain cases, such as for studies of cloud-top heights in the tropo- 
sphere or studies of wave propagation through the sodium layer in the upper 
atmosphere, the superior vertical resolution made possible by the lidar tech- 
nique is essential to the science objectives being addressed. Furthermore, the 
use of a space-borne lidar to obtain range-resolved vertical profiles appears 
to be the only technique that can provide global observations of tropospheric 
aerosol particles, tenuous cirrus clouds, and surface reflection characteris- 
tics. The range resolution inherent in the pulsed-lidar technique is also 
needed when it becomes necessary to characterize the three-dimensional distri- 
bution of a target such as the product of a chemical release; although passive 
observations can provide some range information by triangulation, this is 
usually done at the expense of operational convenience and data quality. For 
other experiments, such as in studies of the horizontal inhomogeneity of aerosol 
layers on scales of less than 200 km, passive limb scanning sensors are not able 
to provide the required information at all, and passive nadir-viewing sensors 
have neither the vertical resolution nor the sensitivity that lidar can provide. 
In general, the spatial and spectral characteristics of the laser can often be 
tailored to provide a measurement sensitivity which is superior to that of pas- 
sive techniques. For example, this is the case when pulsed lasers are used to 
locate and measure subvisible cirrus clouds and aerosol layers and when tuned 
lasers are used to generate narrow spectral lines to access strong absorption 
features associated with infrared-active molecules that would not otherwise be 
detected by conventional solar-absorption or thermal-emission sensors. 

A space-borne lidar can carry out measurements involving radiation at 
wavelengths that cannot effectively be propagated through the lower atmosphere. 
For example, the ultraviolet wavelengths required for measurements of metal-ion 
species in the mesosphere ^and for two-photon atomic oxygen experiments in the 
upper atmosphere are severely attenuated by absorption in the lower atmosphere, 
and the experiments are not possible from the ground. Furthermore, since lidar 
provides its own Illumination source, it can often perform the observations in 
both daytime or nighttime conditions, in contrast to many of the passive sensors 
which require sunlight or twilight conditions for operation. Actually, night- 
time is the favorable period for the many lidar experiments that use wavelengths 
in the solar spectrum and must overcome sunlight background. Even though many 
of these experiments may be restricted to nighttime operation, they still 
deliver a greater concentration of data than twilight experiments. Lidar can 
also provide data that are complementary to the passive daytime data with the 
possibility of improved resolution and other benefits mentioned above. Other 
space-borne experiments for which a lidar system would provide a unique obser- 
vational capability include direct measurements of alkali-atom densities in the 
upper atmosphere, discrimination between ice crystals and water droplets in 
clouds by polarization-sensitive backscatter, remote measurements of the sur- 
face pressure, and direct measurements of tropospheric, stratospheric, and 
mesospheric winds by Doppler sensitive active probing. 

Coordinated measurements with other Shuttle experiments would also be pos- 
sible and are highly recommended; the multi-instrument design of the Shuttle 
provides an opportunity for synergistic experiments involving lidar and other 
sensor systems located on the same spacecraft. As an example, simultaneous 
lidar and passive infrared measurements of cloud-top heights would provide both 
a means for testing conventional measurement techniques and the necessary data 
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for improving passive analysis algorithms. Active' perturbation experiments 
involving excitation by the lidar beam and detection by other sensors are also 
attractive possibilities. 

At its present stage of evolution, lidar instrumentation is relatively 
large and requires a large fraction of the power available on the Shuttle. 
Improvements in size and efficiency are steadily being made, however, and the 
multiple-reflight nature of the NASA Shuttle program is ideal for an instrument 
of this type, permitting the evolutionary process to occur with a wide variety 
of initial experiments and with the implementation of more advanced systems 
with greater flexibility and measurement effectiveness for subsequent flight 
programs. 
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SCIENTIFIC OBJECTIVES 


Introduction 


In identifying those problems which are best addressed by an orbiting 
lidar system, the special features of the lidar must be considered. These 
features are 

(1 ) The ability to actively probe the atmosphere 

(2) Very good vertical resolution when used in the pulsed mode 

(3) Pine horizontal resolution with the capability to probe the 

troposphere between the clouds 

(4) Very high sensitivity in aerosol and thin-cloud detection 

(5) The ability to select atmospheric constituents by narrow spectral 

features, such as in resonant scatter or in absorption 

(6) The ability to measure temperatures of these constituents by the spec- 

tral shape of the features, given adequate spectral purity of the 
laser 

(7) The possibility of measuring the spectrum of the lidar return either 

by high-resolution interferometry or by heterodyne detection, with 
sufficient resolution to determine the Doppler shift; thence, after 
eliminating the satellite motion, to deduce the atmospheric motion 
field 

(8) The ability to obtain global-scale data rapidly 

(9) The ability to point the lidar system in any direction, subject to the 

restriction of slew rate and scattered sunlight 

The scientific objectives presented in this section, while of great inter- 
est and significance themselves, are not the entire range of scientific problems 
of interest in the atmosphere. Rather, they are a set of very important prob- 
lems to which the orbiting lidar can make a unique contribution - problems that 
cannot be solved by other techniques alone. Some of them can be addressed by 
lidar itself without any accompanying observations; in other cases, complemen- 
tary observations by passive techniques, in situ probes from balloons or rock- 
ets, or radio probing from the ground are needed to obtain the maximum scien- 
tific benefit. These correlative observations are indicated for each objective. 

As a consequence of special features (2) and (3) given above, an orbiting 
lidar will have a view of the troposphere that is unique among spaceborne sen- 
sors. That is, although passive limb scanners can have quite good vertical 
resolution, their view of the troposphere is usually blocked by clouds; on the 
other hand, passive nadir viewing sensors, which can view between the clouds, 
have less vertical resolution and often less sensitivity. Lidar 's unmatched 
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ability to probe between clouds with good vertical resolution opens up a whole 
class of global tropospheric studies that only spaceborne experiments can pro- 
vide. Examples of these studies are mentioned below and elaborated on in later 
sections. 

It also happens that the capabilities of orbiting lidar make it particu- 
larly suitable for studies of the stratosphere and mesosphere. This region, 
between 10 and 100 km altitude, is known as the "middle atmosphere." The sci- 
entific problems for this region were studied at a 1 976 conference in Urbana, 
Illinois, and are documented in the Middle Atmosphere Program Planning Document 
(1 976) . Further discussions of the problems are contained in the Upper Atmo- 
sphere Research Satellite planning document (1978) and in "Upper Atmosphere 
Research in the I980's - Ground-Based Rocket and Airborne Techniques," a docu- 
ment in preparation by the Committee on Solar Terrestrial Research, National 
Academy of Sciences - National Research Council, Washington, DC 20418. 

As a result of strong international scientific interest, the Middle 
Atmosphere Program (MAP) has been approved by the International Council of 
Scientific Unions as a program of cooperative research in the period 1982-1985, 
with the participation of four scientific unions, the Scientific Committees on 
Space Research and on Solar-Terrestrial Physics, and the World Meteorological 
Organization. 

One of the questions of prime scientific concern in the middle atmosphere 
is the mechanism by which long-lived chemical compounds and particulates make 
their way from the Earth's surface into the middle atmosphere. Simplified one- 
or two-dimensional models parameterize this flow in terms of an eddy transport 
coefficient. However, the situation in the real atmosphere is much more com- 
plex. Not only are the sources unevenly distributed over the surface of the 
globe, but the vertical transport is dominated by troposphere/stratosphere 
exchange like that found in the tropics and that associated with tropopause 
folding at medium latitudes. Scientific objective 1 addresses itself to the 
problem of tracing the actual paths followed by various tracers and relating it 
to the general circulation. If the Spacelab lidar is operational during the 
period of MAP from 1982 to 1985, it will be able to make a substantial contri- 
bution to this international cooperative effort. 

The global distribution of natural and artificial minor constituents in 
the middle atmosphere is of great importance in determining the chemistry of 
ozone. The Spacelab lidar will be capable of measuring ozone and other related 
chemical species and can make a substantial contribution to the knowledge of 
ozone chemistry. As described under scientific objective 2, the scientific 
yield from the lidar measurements will be greatly enhanced by combining them 
with passive measurements from space, balloon, and rocket measurements of minor 
constituent concentrations. 

All models of the terrestrial climate involve assumptions about radiative 
parameters of the atmosphere. Since a lidar system is capable of measuring a 
wide range of radiatively active constituents with precision in altitude, it 
can provide a new data base for global radiative models, as described in sci- 
entific objective 3. In fact, since the largest amounts of radiatively active 
constituents (e.g., aerosols, water vapor, CO 2 ) are located in the troposphere. 
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lidar's unique view of this atmospheric layer (mentioned above) is especially 
applicable to this objective. As an example, the unique ability of Shuttle 
lidar to make global measurements of tropospheric aerosols with the required 
vertical resolution and sensitivity has been cited in the planning document, 
"Guidelines for the Aerosol Climatic Effects Special Study: An Element of the 

NASA Climate Research Program" (1 979). 

The Global Atmospheric Research Program (GARP) , which is intended to 
provide data to test new global circulation models of the atmosphere, can 
benefit from certain limited but important measurements of temperature, 
pressure, and cloud-top height which will be derived from the Spacelab lidar 
program. The benefits and limitations of these data are explored under 
scientific objective 4. 

Scientific objectives 5, 6, and 7 relate to a number of problems in the 
atmosphere above the stratosphere accessible to neither balloons nor satel- 
lites. In this region, scatter from aerosols is much less frequent and 
Rayleigh scatter by air molecules is too weak for use by lidar. However, a 
number of species are present which can scatter resonantly, for example, atmo- 
spheric metals, metal ions, and hydroxyl. These will be used as tracers to 
study thermospheric dynamics (objective 5), chemistry (objective 6), and 
electrodynamic coupling to the solar-terrestrial environment (objective 7) . 
Together with ground-based optical and radar probing and the use of rockets 
where appropriate, lidar is expected to give a new perspective on the physics 
and chemistry of this interesting and complex part of the atmosphere. 
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Scientific Objective i ; Global Flow of Water Vapor and Pollutants 


The purpose of scientific objective 1 is to trace the global flow of 
water vapor and pollutants in the troposphere and lower stratosphere. 


Introduction 

Understanding atmospheric transport processes requires understanding the 
transformation and flow of water vapor and pollutants from local chemical and 
microphysical processes through the general circulation of the atmosphere 
itself. In recent years, the atmosphere has increasingly been viewed as one of 
our natural resources, and the possibility that it would suffer from contamina- 
tion by anthropogenic pollutants has increased our interest in the transport of 
such impurities over long distances by atmospheric motions. The understanding 
of transport processes is therefore of vital interest, not only for local air 
pollution control and planning but also for studies of global contamination of 
the atmosphere by widespread application of fertilizers, by the use of CFM's in 
aerosol spray cans, by nuclear experiments, by aviation, and by space technology. 

The use of trace constituents of the atmosphere for establishing the 
effects of the general circulation on the transport of pollutants has been 
actively pursued. The global nature of the problem, however, requires new 
approaches to augment our understanding of global transport processes in the 
atmosphere and of the general circulation, especially outside and above the 
radiosonde networks. In particular, it appears possible to use a lidar on 
Shuttle or some other spacecraft to trace the global motion of particulates and 
gaseous pollutants which react only slowly with the surrounding constituents of 
the atmosphere or with the Earth's surface and which are generated in specific 
source regions. Ground-based lidar s have already been used, for example, to 
document the time history of the changes in the height and concentration of 
aerosol particles in the stratosphere after the eruption of the Mt. Agung vol- 
cano in Bali in 1963 and after the eruption of the Fuego volcano in 1975. These 
observations, made at various times and locations by a number of different lidar 
groups, have been used to study stratospheric transport processes (e.g., Cadle 
et al., 1976). It would be extremely interesting to carry out a similar series 
of global observations of stratospheric aerosols from Shuttle for a 2- or 3-year 
period when another major volcanic eruption occurs. It is not necessary, of 
course, to wait for dramatic natural events such as a large volcanic eruption 
to study atmospheric transport processes. Measurements of dust particles trans- 
ported in distinct layers over large distances from desert regions in Africa and 
Asia would provide data for use in studying tropospheric transport processes. 
Also, measurements of aerosol particles or gaseous pollutants such as O 3 , SO 2 , 
or the CFM's downwind of major urban areas could be used as input for testing 
and validating models of atmospheric dispersion by mesoscale flow fields. 

There are a number of other problems that are of current interest in 
the scientific community. One is that of understanding the mechanisms for 
troposphere-stratosphere exchange processes involving such phenomena as the 
intrusion of ozone from the stratosphere to the troposphere in extremely thin 
(e.g., 1/2 km) layers or the injection into the stratosphere of tropospheric 


air with relatively high concentrations of water vapor in the vicinity of 
thunderstorms (Kuhn et al., 1971). Another subject having considerable cur- 
rent interest is that of atmospheric CO 2 . The increase in the CO 2 content of 
the atmosphere has been well documented since 1958; however, the increase is 
equivalent to only about 50 percent of that known to have been produced by 
fossil fuel burning during the same period. Controversy exists on the process 
responsible for removing the excess CO 2 . Accurate measurements of the concen- 
tration (or mixing ratio) of CO 2 near the Earth's surface might help to identify 
important sources and sinks of the molecule and thereby contribute to a resolu- 
tion of that debate. 


Previous Lidar Research 

The presence of aerosol layers near or below the mesopause has been estab- 
lished by numerous visual observations of noctilucent clouds. Lidar measure- 
ments have been conducted at high latitudes where noctilucent clouds are 
observed (Fiocco and Grams, 1966 and 1969). The measurements indicate that the 
altitude region between 60 and 70 km contains an appreciable amount of particu- 
late material during periods of noctilucent cloud activity; observations of 
transient features of a noctilucent cloud were also obtained during those 
experiments. Lidars have also detected mesospheric scattering layers at lower 
latitudes. During October and November of 1966 in England, Bain and Sandford 
(1966) detected layers at about 71 km with scattering 2.5 times that expected 
from a molecular atmosphere. McCormick et al. (1967) observed echoes from the 
65 to 85 km region during February 1967 in Maryland. Latitudinal and seasonal 
changes in the vertical distribution of extraterrestrial aerosols below 1 00 km 
have been related to the general circulation of the upper atmosphere (Fiocco 
and Grams, 1 971 ) . The aerosol layers observed near 70 km are presumably of 
extraterrestrial origin. Estimates of the mass flux of extraterrestrial dust 
based on lidar data obtained at high latitudes (Fiocco and Grams, 1969) are in 
agreement with results obtained by other techniques (summarized, for example, 
by Parkin and Tilles, 1968). 

The layer of aerosols found in the interval from about 1 5 to 25 km has 
also been observed extensively by Lidar. The existence of the layer was con- 
firmed in the early 1960's by Junge and his collaborators (Junge and Manson, 
1961; Chagnon and Junge, 1961; Junge et al., 1961) using balloon-borne impac- 
tors. Gruner and Kleinert (1927) and Gruner (1942) had previously concluded 
from twilight observations that there was dust above the tropopause, as had 
Bigg (1 956) and Volz and Goody (1 962) from more sophisticated twilight sky 
intensity measurements. The "Junge layer" has since been verified and studied 
extensively by many investigators employing both in situ and remote sensing 
techniques. The first lidar observations of the layer were reported by Fiocco 
and Grams (1964). These investigators carried out a 2-year study of the layer 
in 1 964-65 in Massachusetts (Grams and Fiocco, 1 967) . The lidar profiles indi- 
cated a layer in the 1 5 to 20 km region for which the backscatter ing was almost 
twice as large as that expected from a dust-free molecular atmosphere; i.e., the 
backscatter ing from the aerosols and molecules was approximately equal. Compar- 
isons between these results and those obtained earlier by other techniques indi- 
cated that the stratospheric aerosol concentration was about one order of magni- 
tude higher, presumably because of the eruption of Mt. Agung in March 1963. 
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since then, other investigators have used lidars for stratospheric aerosol stud- 
ies. These results indicate a long-term trend toward decreasing aerosol concen- 
trations after the Mt. Agung eruption which continued until late 1974, when high 
backscattering ratios were again observed following the eruption of the Fuego 
volcano. The temporal variation of the lidar returns from the stratospheric 
aerosol layer is summarized in figure 1 . Results obtained with balloon-borne 
photoelectric particle counters are also shown for comparison. The lidar 
results shown in figure 1 appear to bracket the natural variability of the back- 
scattering cross section of the stratospheric aerosol, with the exception of 
times and locations very close to volcanic injections. 

The trapping of aerosol particles below temperature inversions is an effect 

that can be detected by lidar and used in boundary-layer studies. For example, 

a vertically pointing laser radar operated at a fixed location to determine 
time-height data on aerosol concentration can define the height of the boundary 
layer continuously throughout the diurnal cycle, as demonstrated by uthe (1972) 
and Russell et al. (1974) and illustrated in figure 2. Alternatively, spatial 
variations of boundary-layer height have been obtained with a ground-based scan- 
ning lidar measuring two- or three-dimensional aerosol concentration profiles 
(Collis, 1969; Olsson et al., 1974) and with an airborne lidar looking downward 

(Grams et al., 1975; Melfi et al., 1974), as illustrated in figure 3, Lidar 

applications involving the acquisition of data on pollutant particles have been 
discussed by a number of authors, including Johnson (1969 and 1971), Barrett and 
Ben-Dov (1 967), Hamilton (1 966, 1 967, and 1969), and Ruppersberg and Renger 
(1 976) . 


Shuttle Studies 

The above discussion underlines the fact that lidar observations of aerosol 
layers in the atmosphere are of considerable scientific interest. While many of 
the reported studies were obtained with ground-based systems, a number of exper- 
iments using airborne lidars have also been carried out. These studies reflect 
an interest in using lidars for mapping the spatial distribution of the airborne 
particles over large geographic areas to study, for example, the dispersion of 
pollution particles in the urban boundary layer (Melfi et al., 1974) or the 
meridional distribution of particulates in the stratospheric aerosol layer (Fox 
et al., 1973). It is apparent that the ability of the Shuttle lidar to detect 
and trace the global flow of aerosol particles in the mesosphere, stratosphere, 
and troposphere will attract the interest of the scientific community. While 
other satellite techniques can obtain data above the tropopause (e.g., the 
SAM II or SAGE solar occultation measurements), the ability of an active lidar 
system to operate continuously along the Shuttle orbit provides a unique abil- 
ity to obtain high-resolution horizontal aerosol data for use in models of aero- 
sol transport. Furthermore, lidar represents the only technique available for 
studying aerosol vertical distributions in the troposphere from an orbiting 
platform. Table I summarizes the parameters to be measured for experiments to 
trace the global flow of pollutants. The table lists the accuracies and 
resolutions required for each measurement. 

Large-scale transport of atmospheric aerosol layers .- In considering the 
use of the Shuttle lidar for studies of aerosol transport, it is noteworthy 



that there are a number of interesting research topics associated with aerosol 
particles generated in specific source regions and transported in distinct 
layers for distances measured in thousands of kilometers. The most notable 
examples in the troposphere are the dust layers generated in vast desert 
regions such as the Saharan desert in Africa and the Takla Makan and Gobi 
deserts of eastern Asia. In the stratosphere, as discussed earlier, large 
amounts of volcanic ash and gases can be injected by violent volcanic eruption; 
the ash and particles formed from gases such as SO 2 or COS are then dispersed 
by atmospheric transport processes over the entire globe. 

The existence of lidar data on the temporal and spatial distribution of 
stratospheric aerosol particles after the eruption of the Mt. Agung and Fuego 
volcanos has already led to quantitative studies of the dispersion in the 
stratosphere. Cadle et al. (T976) used lidar data obtained over a 2-year 
period in Massachusetts (Grams and Fiocco, 1 967) after the eruption of 
Mt. Agung to test a two-dimensional stratospheric transport model. Figure 4 
(from Cadle et al., t 976) shows a comparison between predicted aerosol concen- 
trations at 1 8 km altitude and the corresponding temporal variation of concen- 
tration determined from lidar observations after the Mt. Agung eruption. Fig- 
ure 5 shows the meridional distribution of stratospheric aerosol particles at 
various times after the Mt. Agung eruption as predicted by the model of Cadle 
and his colleagues. 

Dust layers from the Saharan and Asian deserts are interesting examples 
of cases for testing models for long-range transport of particulates in the 
troposphere. One of the most striking examples of long-range transport of 
atmospheric particulates is the layer of particles observed over the northern 
tropical Atlantic Ocean during the summer months. The major fraction of the 
aerosols in this layer is composed of mineral particles originating in the 
arid and semiarid regions of West Africa (Savoie and Prospero, "'977) and trans- 
ported into the oceanic area in large-scale Saharan air outbreaks (Prospero and 
Carlson, 1 972) . These massive outbreaks are known to carry large amounts of 
dust from the west coast of Africa to the Caribbean (Prospero et al., 1970). 
Figure 6 shows a vertical profile of the aerosol concentration as measured by 
Kondratyev et al. (1976) with aerosol-particle counters operated on an aircraft 
over the Atlantic during the GATE program in summer l 974. The Saharan dust 
layer is typically several kilometers thick, with the base of the dust layer 
located some 1 to 1.5 km above the ocean surface. The high concentrations of 
dust in the layer cause considerable attenuation of solar radiation, with the 
optical thickness often exceeding unity. The dust cloud significantly increases 
the albedo of the Earth atmosphere system, and the Saharan dust outbreaks are 
clearly visible in satellite photographs as large bright areas over the ocean 
with horizontal dimensions often greater than 1 000 km. Such layers would easily 
be detected by the Shuttle lidar and, along with photographic images from geo- 
synchronous satellites, would significantly increase our ability to understand 
long-range transport processes by mapping the vertical and horizontal dispersion 
of the dust layer as it moves across the Atlantic. 

Recently, Rahn et al. (1977) suggested that some Arctic haze layers were, 
in fact, dust layers transported over long distances (9000 to 1 2 000 km) from 
the Takla Makan and Gobi deserts in eastern Asia. The term "Arctic haze" refers 
to turbid layers of air found regularly over the pack ice north of Alaska during 


periods of clear weather. These layers are hundreds to thousands of kilometers 
wide, T to 3 km thick, and can occur as single or multiple bands of haze at 
nearly any level of the troposphere. Although they are generally difficult to 
detect visually from the ground, they can be viewed from aircraft since horizon- 
tal and slant visibilities within the layer can be as small as 3 to 8 km. An 
observation program involving the operation of surface stations and an air-borne 
sampling program by the Universities of Alaska and Rhode Island (Rahn et al., 

1 977) , Shuttle lidar observations of the temporal variation in the vertical 
distribution and horizontal extent of the Arctic haze layers, and an appropriate 
three-dimensional transport modeling effort could form the basis for a compre- 
hensive study of the transport of tropospheric dust over long distances. 

Boundary-layer aerosol morphology .- Observing aerosol particles associated 
with smaller scales of atmospheric motion will require additional levels of . 
sophistication for both the lidar system and the supporting modeling efforts. 

In particular, higher horizontal resolution would be desired for studies of 
mesoscale transport processes. Figure 7 shows the results of analyzing the sur- 
face visibility in the vicinity of St. Louis, Missouri, during the METROMEX pro- 
gram (Shea and Auer, 1 978) . It is apparent that studies of the downwind trans- 
port of urban pollution particles would be possible when horizontal measurements 
of high spatial resolution (e.g., 10 km) are available. 

Sources and transport of tropospheric species .- The techniques described 
for studying aerosol transport can be applied to gaseous constituents when 
lidar techniques such as DIAL become operational. For example, ozone distribu- 
tions display maximum concentration values downwind of pollution sources in 
urban areas. Figure 8 shows a mesoscale analysis of ozone concentration (in 
parts per billion by volume) in southern Ontario (Chung, 1977). 

Quantification of transport models for tropospheric and stratospheric 
pollutants using wind and temperature measurements .- All the transport studies 
described above would have to rely on data obtained by other techniques such as 
analysis of data from the existing network of meteorological stations or special 
measurement programs carried out as part of a specific Shuttle experiment as 
input to the dispersion models. The spatial resolution of this data may not 
be adequate, especially over the oceans and other data-sparse regions. The 
transport studies will be able to take advantage of more sophisticated modeling 
efforts with a more complete set of data, including lidar temperature profiles 
and data on wind speed and direction as well as the lidar observations of the 
spatial and temporal distribution of the pollutant particles or gases. 

Extension of pollutant transport models to include profiles of additional 
trace species .- New insight into the fate of atmospheric pollutants would fol- 
low from studies involving a number of atmospheric constituents that can react 
with each other during the transport process. Thus, simultaneous measurements 
of SO 2 concentrations and aerosol concentrations downwind of an extended urban 
source region may provide new information on the rate of conversion of SO 2 to 
sulfate particles. Studies of this type would necessarily require a consider- 
able amount of confidence in the transport model, as well as the amount and 
quality of the concentration data used as input for predicting the long-range 
transport of aerosols and gases, before gas-to-particle conversion rates could 
be deduced. 
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TABLE I PARAMETERS TO BE MEASURED TO TRACE GLOBAL FLOW OF POLLUTANTS 


Parameter 

Height 
range , 
km 

Ax, 

km 

(a) 

Az, 

km 

(b) 

Remar ks 

Lidar 

experiment 

Aerosols 

0 to 10 

100 

1 

20 percent, haze layers, thin 

2, 3 





cirrus, Saharan and Asian dust 



10 to 30 

500 


20 percent, stratospheric 

6, 24 





aerosols 


H2O 

0 to 10 

100 

1 

20 percent 

9, 10 


10 to 20 

500 

2 

20 percent 



Total 

100 

— 

20 percent 


O3 

0 to 10 

100 

1 

20 percent 



10 to 30 

500 

2 

20 percent 


XY: e.g., S02r 

0 to 10 

100 

1 

20 percent 

10, 18, 23 

CH4, NH3, NO2, 

10 to 50 

500 

3 

20 percent 


N2O, CFM's, etc. 

Total 

100 

— 

20 percent 


Temperature 

0 to 3 

100 

0.2 

1 K; define boundary layer 
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5 to 20 

500 

1 

2 K; define tropopause 


Vx 

0 to 10 

100 

1 

5 m/s 

19, 20 


10 to 50 

500 

2 

10 m/s 


Vz 

0 to 10 

100 

1 

5 cm/s 



10 to 50 

500 

2 

10 cm/s 


CO2 mixing ratio 

0 to 3 

100 

3 

1 percent; identify sources and 






sinks 




^Horizontal resolution. 
Vertical resolution. 
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Figure 1 Comparison of stratospheric aerosol measurements obtained by lidar 
and balloon-borne dustsondes between 1962 and ''975. Lidar observations 
obtained by; 

GF (Grams and Fiocco) , S (Schuster), F (Fox et al.). 

Mass. Colo. Hawaii and Bermuda 

CL (Collis and Ligda), 0 (Ottway), YE (Young and Elford), 

Calif. Jamaica Australia 

C (Clemesha et al.), FS (Frush and Schuster), RH (Russell and Hake) 
Jamaica Colo. 

CR (Grams and Rosen) 

(From Grams and Rosen, i 978, courtesy National Center for Atmospheric 
Research) 
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Figure 2.- Comparison of atmospheric time sections obtained by lidar and 
acoustic sounders at St. Louis, Missouri, on Aug. 14, 1972. Darkest 
areas are associated with strongest echoes. (Prom Russell et al., 

1 974) 
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Figure 3.- Concept for observations of boundary-layer height using airborne 
lidar. Scattering ratio is obtained by dividing observed backscattering 
intensities by those expected from a dust-free atmosphere, with appropri 
ate transmission corrections. (From Grams, 1975, courtesy National 
Center for Atmospheric Research) 






Figure 4.- Comparison between model calculations and lidar observations for 
temporal variation of aerosol concentration in lower stratosphere. 

Curve A shows lidar observations of Grams and Fiocco (1 967) at the alti- 
tude of peak scattering ratio; curve B shows calculated maximum concen- 
trations of H2SO4 droplets; curve C shows H2SO4 concentration at 1 8 km 
altitude. (From Cadle et al., T 976, courtesy American Geophysical Union) 
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Figure 5.- Aerosol concentration isopleths (in log parts per billion by mass) 
from model calculations for Agung eruption. Days shown are after eruption. 
(From Cadle et al., 1976, courtesy American Geophysical Union) 


21 








Figure 6.- Vertical distribution of aerosol particles in Saharan dust layer as 
observed with photoelectric particle counters during ''974 GATE program. 
(From Kondratyev et al., 1976) 




Figure 7.- Surface visibility in vicinity of St. Louis, Missouri, during 
METROMEX program in August 1974. (From Shea and Auer, 1978, courtesy 
American Meteorological Society) 



Figure 8.- Average afternoon ozone maximums (in ppb) for high ozone situa- 
tions during August 1976 in southern Ontario. (From Chung, 1977, courtesy 
American Meteorological Society) 
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Scientific Objective 2; Stratospheric and Mesospheric Chemistry and Transport 


The purpose of scientific objective 2 is to test and improve models of 
stratospheric and mesospheric chemistry and transport. 


Introduction 

Within the past few years, concern has been expressed as to the ability of 
man to inadvertently modify the upper atmosphere and, in particular, the ozone 
content (Molina and Rowland, 1974; Johnston et al., 1976). Any estimates of 
the impact of anthropogenic emissions on the ozone content must be made with 
sophisticated atmospheric models (Climatic Impact Committee, 1975; Panel on 
Atmospheric Chemistry, 1976; Hudson, 1977). The fundamental limits on the 
accuracies of these estimates are not the reactions or concentrations of the 
pollutants themselves but rather the knowledge of the many different processes 
which influence the overall chemical composition, energy budget, and dynamic 
behavior of the natural atmosphere - as well as the ability to model these 
complex processes. 

Of necessity, therefore, the models employed must use approximations and 
simplifications in order to make such predictions. The purpose of objective 2 
is to provide the information required to test these simplifications and 
improve the models. 


Present Understanding 

The structure of the stratosphere and mesosphere is the result of an 
intricate interplay among a large number of processes which, for simplicity, 
can be subdivided into the categories of radiation, chemistry, and dynamics. 

In this section, we will consider the latter two; radiation is considered in 
objective 3. 

In general, a qualitative understanding of the chemistry of the sources, 
sinks, and budgets of most of the known upper atmospheric constituents now 
exists. Discussion of upper atmospheric chemistry can be divided into studies 
of a few families of constituents such as those containing nitrogen, hydrogen, 
chlorine, and sulfur (Crutzen et al., 1978). These families contain three 
basic types of species; source molecules (relatively stable compounds), 
radicals (short-lived derivatives of the source molecules), and sink molecules 
(more stable forms into which the radicals can be recombined) . Concentration 
profiles of selected upper-atmosphere trace species are shown in figure i 
(Upper Atmosphere Research Satellite Program, 1978). 

Stratospheric odd nitrogen, NO^, is thought to come mainly from the attack 
of 0(^D) on N2O which is produced by bacterial denitrification in soils and the 
ocean (Liu et al., 1977; McElroy et al., 1976). The major sinks for NO^ should 
be diffusion to the troposphere, followed by rainout of soluble HNO3 and photo- 
dissociation of NO in the upper stratosphere, followed by reaction of N(^S) 
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with NO to form N2. Mesospheric odd nitrogen is produced from a variety of 
ionization and dissociation processes and also from direct dissociation of N2. 

The hydrogen oxide budget is thought to be driven by a near photochemical 
equilibrium between formation by reaction of 0(^D) and H2O and destruction 
(mainly) by reaction of OH and HO2 to reform H2O (Liu et al., "'976; Luther and 
Duewer, t 978) . The water budget is probably controlled by two main processes: 
transport from the troposphere and oxidation of CH4. Rainout in the tropo- 
sphere leads to significant reduction of water-vapor concentration with 
increasing altitudes. Thus, only a small residual penetrates the "cold trap" 
at the tropopause where a deep minimum in the temperature profile is found. 

The loss processes are condensation in the troposphere and dissociation in the 
upper mesosphere, followed by escape of a fraction of the H atoms. 

The budget of chlorine is less well-known. The major sources are thought 
to be CCI4 and CH3CI which are transported to the stratosphere where photolysis 
produces Cl atoms (Crutzen et al., 1978). Direct injection of HCl into the 
stratosphere is thought to be less important because of its high solubility 
in water. Manmade CFCI3 and CF2CI2, photolyzed in the stratosphere, supply 
an increasing fraction of the injected chlorine. Other halocarbons such 
as CH3CCI3 (methyl chloroform) may be significant sources. The only known 
sink for the resultant Cl^ is diffusion to the troposphere followed by rainout 
of HCl. 

The atmospheric sulfur cycle is not well understood. Theories suggest 
that sulfur compounds emitted at ground level in both natural and anthropogenic 
processes diffuse into the stratosphere where they are oxidized, giving sulfur 
trioxide which later reacts in the presence of water to form sulfuric acid. It 
is believed that clusters of sulfuric acid molecules can act as condensation 
nuclei leading to the growth of stratospheric aerosols which are observed to 
exist in a 75-percent solution with water and are the principal components of 
the Junge layer. The sink for sulfur occurs when the heavier aerosols settle 
out of the stratosphere into the troposphere forming a dilute "acid rain." 

The dynamics of the stratosphere below 25 to 30 km are at least crudely 
characterized and understood from studies of the transport tracers and the 
extension of tropospheric global circulation models (Johnston et al., 1976; 
Mahlman and Moxim, 1978). The dynamics of the atmosphere above 30 km is poorly 
characterized due to the lack of suitable experimental data for testing calcu- 
lations. Most three-dimensional global circulation models extend to about 
30 km; above this altitude, velocity fields are usually deduced from observed 
pressure and temperature fields or from sparse wind data. Suitable tracers 
are not available for testing because this is a region of coupled dynamics and 
chemistry. 

The mean meridional winds are toroidal circulations, characterized, for 
example, at solstice by two cells between equator and pole in the stratosphere, 
connecting to a single pole-to-pole cell in the mesosphere. The direct cells 
in the tropics are driven by absorption of solar radiation in the troposphere, 
with the resulting motions extending high into the stratosphere. The meso- 
spheric cell is similarly generated; thus, both these cells are indirect in 
that sinking motions take place in the warmer regions. (See fig. 2, from 
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Cunnold et al., 1975), These motions are clearly the result of a driving force 
and convert kinetic to potential energy. 

The Coriolis torque acting on these meridional motions gives rise to the 
mean zonal motions. Unlike the meridional motions, these mean zonal motions 
are in geostrophic balance; that is, the Coriolis force is balanced by the mean 
horizontal-pressure gradient. As such, they can be deduced from the density 
field. These zonal motions are not constant in time; the winds have an annual 
change of direction as the winter and summer poles change places. In addition, 
a semiannual oscillation in the zonal flow is observed, with maximum westerlies 
occurring just after the equinoxes and maximum easterlies occurring just after 
the solstices. There is also a very strong oscillation of the mean zonal wind 
in the lower tropical stratosphere with a somewhat irregular period that aver- 
ages out to about 26 months, the so-called "quasi-biennial oscillation." In 
addition to these cyclic variations, there are a number of irregular short-term 
and year-to-year variations. 

In many respects the testing of both the chemical and the transport models 
should proceed concurrently. In practice, tests of the models can be devised 
that will verify either independently. Thus, the basic photochemistry can be 
tested at altitudes where photochemical equilibrium exists; i.e,, the transport 
lifetimes are short compared to the chemical lifetimes. Measurements of the 
altitude profile of ozone density can, for example, be used to test photochemi- 
cal theories above 30 km altitude and used to test the transport models below 
30 km. 


Currently Available Measurements 

Measurements are currently being made in the stratosphere and mesosphere 
by satellite, balloon, rocket, aircraft, and ground-based experiments. Here 
we will discuss the satellite measurements only. Current satellite experiments 
for long-duration observation are focused on the measurement of aerosols and 
gases involved in the ozone-nitrogen chemistry of the stratosphere. These 
experiments include the Limb Infrared Monitor of the Stratosphere (LIMS) , the 
Stratosphere and Mesosphere Sounder (SAMS) , the Solar Backscatter Ultraviolet/ 
Total Ozone Mapping System (SBUV/TOMS), the Stratospheric Aerosol Measurement II 
(SAM II), and the Stratospheric Aerosol and Gas Experiment (SAGE). The first 
four experiments are part of the Nimbus G spacecraft and the last is a Scout 
launched solo payload. In addition, the SBUV is planned for operational use 
by the National Oceanic and Atmospheric Administration (NOAA) on the Tiros N 
payload. Each of these experiments measures a specific parameter or set of 
gases. The parameters to be measured, the instrument/experiment approach, 
and the schedule are given in table I, 

The Atmospheric Trace Molecules Observed by Spectroscopy (ATMOS) is planned 
for flight on Spacelab 1 . Unlike the others, ATMOS employs a survey instrument 
technique capable of providing data on a wide range of molecules including the 
NOj{» HOjj, ClOy, and O 3 chemistry. However, as it only obtains data at solar 
occultation, its spatial coverage is limited. The Cryogenic Limb-Scanning 
Interferometer and Radiometer (CLIR) on the other hand is a limb scanning 
instrument and will provide global coverage with greater density and time. 
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Future satellite experiments include the Halogen Occultation Experiment 
(HALOE) , Laser Heterodyne Spectrometer (LHS), and Solar Mesosphere Explorer 
(SME) , followed by the Upper Atmosphere Research Satellite (UARS) experiment 
to bring together the O3, NO^f C10x» and solar flux measurements in a simulta- 
neous data set. 


Science Requirements 

At present, some models treat chemistry and transport independently, 
whereas others combine these effects. In general the relative emphasis for 
the latter models will favor one of the processes. Thus, the one-dimensional 
models contain full chemistry but average all transport using a one-dimensional 
diffusion constant, while the full global-circulation models have little or no 
chemistry. Thus the science requirements are varied. 

To study the chemistry, we can conveniently look at the families of spe- 
cies. To study those species in photochemical equilibrium, more than one spe- 
cies in the family needs to be measured. In addition, considerably more infor- 
mation can be obtained if the diurnal variation of these species is measured. 

Transport in the models can be verified in two ways: first, by observing 

the densities of conserved quantities such as CH4, O3, and N2O and aerosols 
below 30 km or the sodium atom above 80 km, and second, by direct observation 
of the horizontal winds. 

Table II (from Upper Atmosphere Research Satellite Program, 1978) gives 
a list of those species that can be used for the verification of chemistry/ 
transport models, with the required accuracies and spatial resolutions. 


Shuttle Lidar Contribution 

Table III gives a list of those species that are proposed for measurement 
in the experiments sections. In most cases, the resolution and accuracies meet 
or exceed the requirements given in table II. 
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TABLE I.- MEASUREMENTS, APPROACH, AND SCHEDULE OF SATELLITE EXPERIMENTS 

RELEVANT TO SCIENTIFIC OBJECTIVE 2 


Satellite 

experiment 

Measurements 

Instrument/experiment 

approach 

Schedule 

LIMS 

O 3 , H 2 O, NO 2 , HNO 3 , 
temperature (2 to 
4 km resolution; 

■> 0 to 70 km altitude) 

Limb emission radiom- 
etry (6 to 1 7 pm) 

Nimbus G, i 978 

SAMS 

CO, NO, N 2 O, CH 4 , H 2 O, 
temperature, wind (1 5 
to 90 km altitude) 

Limb emission pressure 
modulated radiometer 
(2 to 1 6 Pm) 

Nimbus G, 1 978 

SBUV/TOMS 

O 3 (vertical profile 
greater than 30 km; 
5 km resolution; 
total O 3 maps) 

Nadir solar backscatter 

Nimbus G, ■'978; 
Tiros N, 1 981 

SAM II 

Aerosol extinction 
(1 km resolution; 

8 to 50 km altitude) 

Limb occultation 
photometer (1 Pm) 

Nimbus G, 978 

SAGE 

O 3 , aerosol, NO 2 
extinction 
(1 km resolution; 

8 to 65 km altitude) 

Limb occultation 
photometer 
(0.3 to 1 Pm) 

AEM-II, 1979 

ATMOS 

Survey (2 km 

resolution; 1 0 to 
T 00 km altitude) 

Limb occultation 
inter f erometer 
(2 to 15 Pm) 

Spacelab 1, 1980; 
Spacelab 3, 1 98l 

CLIR 

Multiple species (2 km 
resolution; 20 to 
■< 40 km altitude) 

Limb emission 

spectrometer/radiometer 

Space Shuttle, l 984 

UARS 

Chemistry; radiation; 
transport 

Variety of instruments 

Launch, l 984 

HALOE 

O 3 , HCl, HF, NO, CH 4 , 
H 2 O, CF 2 , Cl 2 , 
pressure (2 km 
resolution; 

10 to 70 km altitude) 

Limb occultation gas 
filter and broad band 
radiometer (2 to n pm) 

Spacelab 3, 1 98i ; 
ERBSS-A, 1 983 

LHS 

O 3 , HNO 3 , CF 2 CI 2 , 

CFCI 3 

(2 km resolution; 

10 to 70 km altitude) 

Limb occultation laser 
heterodyne radiometry 
(9 to 1 2 Pm) 

Space Shuttle, 1 984 
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TABLE II.- SCIENCE REQUIREMENTS 


Parameter 

Altitude range, km 

Ax, km 

Az, km 

Accuracy, percent 

O 3 

10 to 60 


1 

1 0 

60 to 90 


3 

25 

NO 

25 to 100 

500 

3 

10 

NO2 

25 to 60 

500 

3 

10 

HNO3 

20 to 30 

500 

3 

1 0 

N2O 

10 to 40 

500 

3 

20 

OH 

25 to 40 

500 

3 

1 0 


60 to 90 



25 

H2O 

10 to 70 

500 

3 

1 0 

H2O2 

25 to 50 

500 

3 

10 

HO2 

25 to 50 

500 

3 

10 

HCl 

20 to 50 

500 

3 

1 0 

CIO 

25 to 40 

500 

3 

1 0 

CIONO2 

20 to 30 

500 

3 

10 

CH4 

10 to 60 

500 

3 

20 

CPM's 

1 0 to 40 

500 

3 

20 

Na 

80 to 100 

1 00 

1 

10 

Aerosols 

10 to 1 00 

500 

1 

30 

Wind 

15 to 60 

1000 

3 

2 m/s 


65 to 100 

1000 

3 

1 0 m/s 


30 











TABLE III.- SHUTTLE LIDAR CONTRIBUTION 


Parameter 

1 

Altitude range, 
km 

Altitude resolution, 
km 

Accuracy, 

percent 

Lidar 

exper iment 

O 3 

Stratosphere burden 


8 

10 


10 to 70 

1 

2 

13 

NO 

45 to 55 

1 

20 

13 


70 to 150 

3 

20 

25 

NO 2 

35 to 45 

1 

10 

13 

HNO 3 

10 to 20 

1 

10 

13 

N 2 O 

Stratosphere burden 


1 

10 

OH 

50 to 60 

1 

20 

13 


35 to 100 

3 

10 

21 

H 2 O 

10 to 30 

1 

2 

13 


10 to 40 

1 to 5 

10 to 20 

9 

H 2 O 2 

25 to 35 

1 


13 

HO 2 

25 to 35 

1 

20 

13 

HCl 

Stratosphere burden 


10 

10 


20 to 30 

1 

5 

13 

CIO 

30 to 35 


20 

13 

CIONO 2 

20 to 30 



13 

CH 4 

10 to 20 

1 

5 

13 

CFM's 

Stratosphere burden 


1 

10 


10 to 20 

1 

10 

13 

Na 

80 to 100 

1 

10 

7 

Aerosol 

10 to 30 

1 

30 

6 

Wind 

80 to 100 

1 

5.5 m/s 

14 


10 to 30 

1 

2 to 3 m/s 

20 
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Figure 1.- Concentration profiles of minor species. (From Upper Atmosphere 

Research Satellite Program, 1978) 
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Figure 2.- Mean meridional circulation patterns for 
the solstices and equinox. (From Cunnold et al. 
1975, courtesy American Meteorological Society) 





Scientific Objective 3; Radiative Models 


The purpose of scientific objective 3 is to test and improve atmospheric 
models of radiation, radiatively active substances, and radiative effects. 


Introduction 

Scientific objective 3 encompasses two major research areas. The first 
is that of providing input data for models which describe radiative energy 
exchange in the Earth's atmosphere and the effects on this exchange of 
altered atmospheric composition. The second is that of providing input data 
for studies which test the basic assumptions used to analyze data from passive 
remote sensors. Here again, changes in atmospheric constituents (aerosol par- 
ticles or thin cirrus, for example) may affect the values of the atmospheric 
parameters inferred from the data. 

A major reason for the current interest in radiative energy exchange is 
that alterations in this exchange can in turn alter the climate. Within the 
past few years, public concern for problems associated with climatic fluctua- 
tions has increased dramatically. The impact of climate variability has been 
vividly demonstrated by the effects of record cold winters on energy demands; 
the loss of life and property caused by record snowfalls, extreme flood events, 
mudflows, and landslides; and the effect on food and water supplies of droughts 
in England, the U.S.S.R., Africa, and the Western United States. We are also 
aware that man's activities, in part by altering atmospheric composition and 
surface albedo, have already affected local and regional climates and may 
affect the global climate as well. 

A growing concensus and sense of urgency concerning the Nation's needs for 
understanding and anticipating climatic changes has led to the development of A 
United States Climate Program Plan (1977) by the Interdepartmental Committee 
for the Atmospheric Sciences, which calls for the development and coordination 
of needed climate research and services by the Federal Government. In response 
to this call, the NASA Goddard Space Flight Center developed a Proposed NASA 
Contribution to the Climate Program in 1977, which shows how our practical 
understanding of the behavior of the climate system could be advanced by con- 
certed use of space-based global observations and by application of NASA's 
data management, analysis, and coordination capabilities. Shuttle lidar could 
play an important role in this process by providing unique data on atmospheric 
constituents and surface properties that affect the radiation budget, while 
coordinated measurements could document the radiative quantities per se. (See 
examples in the section "Earth Radiation Budget Studies.") 

In parallel with the current interest in radiative effects on climate, 
there is an ongoing interest in the effects of minor atmospheric constituents 
on passive remote sensors. This interest derives from the major and growing 
role that these passive sensors play in a variety of applications. For exam- 
ple, data from passive, nadir-viewing temperature sounders are routinely used 
in operational weather forecasts, and the impact of these data is expected to 
increase as more and better sounders are flown. (See scientific objective 4.) 
Also, current and future limb-emission radiometers are expected to provide data 
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on minor constituents (e.g., O3, H2O, NOjj, and CPM's) that are vital to our 
understanding of the ozone depletion threat and other fundamental problems. 

(See scientific objective 2.) The outputs of both these types of radiometers 
can be affected by emissions from aerosol and cloud particles within the field 
of view. These effects, if significant, must be properly accounted for in 
reducing the radiometric data. However, this has been very difficult in the 
past because of the highly variable nature of aerosol and cloud particles, and 
the attendant difficulty in determining the presence, height, and effects of 
particles in specific data sets. Here again, data from a Shuttle borne or 
free-flying lidar, obtained with simultaneous data from the passive sensors, 
could provide unique advances in resolving some of these important questions. 
(See section entitled "Effects on Passive Sensors.") 

Table I summarizes the measurements needed to provide significant advances 
in verifying radiative models for both the climatic and remote-sensing applica- 
tions. The table lists the required accuracies and resolutions and relates 
these needs to specific lidar experiments and correlative sensor types. One 
parameter in table I that requires special mention is cr^(X). This parameter 
is used to identify the collective effects of aerosol or cloud particles on the 
transfer of solar and terrestrial radiation as required in a particular study. 
Thus, *^v(^) could represent the spatial distribution of extinction or absorp- 
tion cross section as a function of wavelength X, or the scattering cross sec- 
tion as a function of scattering angle (i.e., the phase function), or a combi- 
nation of these. (None of these cross sections is measured directly by lidar, 
but with careful use of conversion factors, lidar can often provide the best 
remotely sensed data available; we will return to this point below.) To char- 
acterize the radiation field sufficiently, the models also require information 
on gaseous constituents for the same location as the aerosol and cloud data. 
These important gases are also listed in table T. In each case, accuracies 
and vertical resolutions are varied with altitude in a manner that reflects 
the importance of the contribution of each constituent to variations in the 
total radiation field. Temperature profiles are also required, both as inputs 
to infrared radiative calculations and to verify the heating profiles that the 
calculations yield, it does not appear necessary to specify profiles of CO2 
directly since temperature data and the common assumption that the CO2 mixing 
ratio is constant above the boundary layer can be used to calculate a suffi- 
ciently accurate CO2 concentration profile. 

The final entries in table I reflect the need of radiative climate models 
for data on the albedo of the Earth's surface or the albedo of the Earth's 
atmosphere underlying a height of interest. Proper treatment of information 
on clouds, such as the fractional cloud cover, cloud heights, and the presence 
of thin cirrus layers, is also very important in both the radiative climate 
models and the analysis of passive sounding data. 

With reference to the parameter cr^(X), it was mentioned above that lidar 
does not directly measure the particulate extinction, absorption, and angular 
scattering coefficients required by the radiative models. While this is 
strictly true, it is also true that occasional, carefully designed correlative 
studies using in situ or passive remote sensors in conjunction with ground-, 
air-, or space-based lidar can yield reliable factors for converting lidar- 
measured backscattering to certain of the desired quantities. This procedure 
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has already been used with good success in the case of the stratospheric aerosol 
(e.g., Northam et al., 1974; Russell et al., 1976). These correlative studies 
yield optical models on which the conversion factors are based. For a given 
subsequent lidar observation, the optical model is never certain, but it can 
often be sufficiently bounded (by using multiwavelength lidar data, expected 
variabilities from intermittent correlative measurements, information on the 
source, height, and temperature of observed particles, etc.) so that conver- 
sion uncertainties are understood and are minimized. When such carefully 
bounded conversion factors are combined with the unique spatial resolution and 
high sensitivity of lidar, the resulting description of particulate radiative 
parameters is usually more accurate than can be obtained by any other downward- 
looking remote-sensing technique (as must be used for global coverage of the 
troposphere) . This is especially so because aerosol and cloud concentrations 
can be highly variable in space and time and are often confined to narrow 
layers. Thus in many cases, lidar-derived particulate radiative parameters do 
not need to be highly accurate to represent a significant and useful improve- 
ment over what is otherwise available. Examples of such cases include tenuous 
(often subvisible) cirrus clouds and Saharan, Mongolian, or urban haze layers. 

In the following sections, we present more specific examples of important 
studies in which a Shuttle borne lidar could provide important data not attain- 
able by other means . 


Earth Radiation Budget Studies 

Because of the widespread concern regarding possible climate change, many 
investigators (e.g., Charlson and Pilat, 1969; Atwater, 1970; Ensor et al., 
1971; Rasool and Schneider, 1971; Mitchell, 1971; Barrett, 1971; Neumann and 
Cohen, 1972; Yamamoto and Tanaka, 1972; Braslau and Dave, 1973a and 1973b; 
Chylek and Coakley, 1974; Shettle and Green, 1974; Harshvardhan and Cess, 

1976; Coakley and Grams, 1976; Luther, 1976; Pollack, et al., 1976; Fiocco 
et al., 1976 and 1977) have developed models to assess the possibilities 
quantitatively. These models describe the radiative energy exchange in the 
Earth atmosphere system and what might be the effects on this exchange of 
changing aerosol, cloud, and trace-gas amounts, as well as changing surface 
albedos . 

The well-documented effects of the injection of volcanic dust into the. 
Earth's stratosphere by the Mt. Agung eruption of 1963 (see scientific 
objective 1) can be used to test a number of the climate theories. Following 
the eruption, anomalous increases in the stratospheric temperature were attrib- 
uted to the presence of volcanic dust (e.g., Newell, 1971). One figure from 
Newell's paper is reproduced here as figure 1. It shows the difference in 
stratospheric temperature between January 1963 and January 1964 as a function 
of geographical location at an altitude of about 19 km. A large temperature 
increase is evident in the latitude strip between 0° and 20°S, with maximums 
around central Africa and New Guinea and over South America. Mugnai, et al. 
(1978) calculated stratospheric heating rates induced by aerosol particles at 
the 1 9 km level using data on the mean winter-time values of the planetary 
albedo as a function of latitude and longitude obtained from satellite obser- 
vations (Vonder Haar and Ellis, 1974), the concentration and composition of 
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aerosol particles at the 1 9 km level predicted by a two-dimensional model of 
global-scale dispersion of the volcanic debris (Cadle et al., 1976), and data 
on temperature and concentration profiles for O 3 , CO 2 , and H 2 O from the U.S. 
Standard Atmosphere Supplements, 1966. The results are shown in figure 2. A 
very high degree of correlation between the temperature differences in figure 1 
and the heating rates in figure 2 is evident. Maximum heating rates of about 
0.4 K per day are associated with temperature differences of about 8 K, thereby 
suggesting radiative relaxation time constants on the order of 20 days at the 
1 9 km level. 

In another test of the climatic perturbation of the Mt. Agung volcano, 
Hansen et al. (1978) computed the vertical temperature profile at low latitudes 
using a one-dimensional radiative-convective model. Their results, computed as 
a function of time before and after the eruption, also show good agreement with 
observations. Results for the stratosphere and the troposphere are shown in 
figures 3 and 4, respectively. 

Although these models have provided many valuable new insights, a persis- 
tent lack of suitable global input data and of model verification has prevented 
predictions of future radiative-climatic conditions. In part because of this 
situation, a major parallel effort has been mounted to monitor the radiation 
budget directly on a global scale. Satellite-borne radiometers, such as the 
Earth Radiation Budget (ERB) sensors on Nimbus 6 and Nimbus 7, provide a power- 
ful means of doing this. More complete data will be provided in the future by 
the multisatellite Earth Radiation Budget Satellite System (ERBSS) . (See, e.g., 
Woerner and Cooper, 1977; Woerner, 1978.) Whereas the data from these sensors 
will by themselves be very instructive, they will be most beneficial when used 
with the radiation models mentioned above, and with simultaneous data on the 
radiatively important atmospheric constituents and surface properties. Coordi- 
nated studies of this sort can provide well-constrained checks of the mutual 
consistency of atmospheric constituent measurements, radiative calculations, 
and measured radiative effects. It is in this way that the most rapid progress 
will be made toward a reliable capability to predict future changes in Earth 
radiation balance and climate resulting from natural and manmade factors. For 
example, much could be learned from measuring and modeling the change in the 
Earth atmosphere albedo along a track passing from the South Atlantic, through 
the region of the Atlantic Saharan dust layer (see scientific objective 1), and 
into the North Atlantic, with the model constrained by simultaneously measured 
input data on the aerosol heights and densities and the surface reflectivity. 

An attractive means of obtaining these coordinated data sets is by flying, 
along with ERB sensors, other sensors that measure the important atmospheric 
constituents and surface properties in the same region as viewed by the ERB 
sensors, and at the same time. Unfortunately, passive nadir-viewing sensors 
cannot provide aerosol and gas data with the required vertical resolution and 
accuracy, nor can they unambiguously separate surface from atmospheric effects; 
moreover , passive limb-scanning sensors are largely 1 imited to the stratosphere 
and above, and cannot view the ERB sensed area simultaneously with ERB. These 
shortcomings are critical since the bulk of many radiatively important constit- 
uents (e.g., aerosols, tenuous clouds, and water vapor) is usually confined to 
thin layers in the troposphere, and rapid changes in these constituents often 
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provide the most instructive and least ambiguous tests of radiative models 
(e.g., Russell et al., 1979). 

The lidar data could include aerosol and cloud particle backscatter ing 
coefficients and H 2 O, O 3 , and other gas concentrations, all with a vertical 
resolution equal to or better than that specified in table I. Also, total gas 
density profiles, or temperature profiles (using a more advanced lidar) , could 
be measured and used to specify the CO 2 vertical profile. Surface reflectivity 
could be simultaneously monitored, and this, coupled with suitable models and 
"ground-truth" measurements, could provide a useful input on surface albedo to 
the radiative calculations. 

Another lidar-measured parameter of value to the radiative calculations 
is the top height of opaque clouds within the ERB FOV. As noted in table I, 
variations in the height by as little as 0.1 km can be important in determining 
radiative fields and equilibrium temperatures; this is an accuracy that cannot 
be provided by passive sensors but can be achieved by lidar. 

The unique ability of lidar to detect subvisible cirrus clouds is also 
worthy of mention. Previous ground-based and airborne lidar studies have 
detected tenuous cirrus clouds with water (ice) contents that were at least 
two orders of magnitude less than those associated with visible cirrus layers. 
Repeated lidar measurements in many latitudes have suggested that these subvis- 
ible cirrus layers are quite prevalent, but the lidar measurements to date have 
been too sporadic to provide a useful global or regional census. Also, these 
tenuous cirrus layers cannot be globally monitored by satellite multispectral 
radiometers since they are difficult to resolve unambiguously against complex 
backgrounds and are not discernible in the visible spectral ranges. Such 
tenuous clouds could produce measurable effects in certain ERB channels and, 
if widespread and persistent, could significantly perturb the global radiation 
budget. Only a space-borne lidar, co-aligned with an ERB sensor, could deter- 
mine whether subvisible cirrus clouds were present in the ERB POV during times 
of measured albedo changes. Such a space-borne lidar could also provide the 
first global census of the occurrence, height, density, and thickness of these 
tenuous clouds. 


Effects on Passive Sensors 

Both visible and subvisible clouds can influence the retrieval of tempera- 
ture profiles from nadir-viewing multispectral infrared radiance measurements 
(e.g.. Smith et al., 1972; Chahine, 1974). Procedures for adjusting for the 
influence of visible clouds have been developed, but they require an appropri- 
ately scaled specification of the height and amount of the clouds. Uncertain- 
ties in passively inferred cloud heights can thus introduce error into these 
procedures. Simulations by Halem and Chow (1976) indicate that the profile 
errors become significant for errors in the heights of high clouds with cover- 
age of more than 50 percent. Although these simulations cannot be considered 
definitive because of persistent uncertainties in their treatment of cloud 
radiative properties, they nonetheless point to the need for improved cloud 
measurements, both as a check on the simulations and as an aid in develop- 
ing improved analysis methods. A Shuttle borne lidar, co-aligned with a 
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temperature-sounding radiometer so that the fields of view of the radiometer 
and lidar are coincident, could provide the height information on visibl» 
clouds for this purpose, as well as height, thickness, and density information 
on subvisible clouds; these latter clouds are not accounted for in current 
data-reduction schemes (as their presence is not detectable) , but their emis- 
sivities may make them significant contributors to the measured radiances and 
hence a significant source of error. 

Dave (1978) has reported the results of an investigation aimed at estimat- 
ing the effect of stratospheric and tropospheric particulate pollutants on total 
ozone measurements obtained from the Backscatter Ultraviolet (BUV) spectrometer 
aboard the Nimbus 4 satellite. His study showed that the total ozone in an 
atmospheric column could be in error by about ±2 percent due to particulate con- 
tamination encountered in the terrestrial atmosphere under average conditions 
and that the error could be expected to rise to about ±8 percent under strong 
particulate contamination conditions. A Shuttle borne lidar, co-aligned with a 
BUV instrument, could be used to test these predictions by obtaining simulta- 
neous data on the vertical distribution of aerosol particles and ozone. 

A variety of other experiments could also be performed to test other 
possible effects of aerosol particles on the passive sensors used to infer 
concentrations of various molecular constituents. Limb-scanning radiometers 
that infer stratospheric and mesospheric constituent profiles from measured 
infrared emissions can also be influenced by subvisible aerosol layers. For 
example, the Limb Radiance Inversion Radiometer (LRIR) on Nimbus 6 and the Limb 
Infrared Monitor of the Stratosphere (LIMS) on Nimbus 7 both determine ozone 
profiles by observing the infrared radiation emitted in the spectral interval 
from about 9 to 10 ym. Although the composition of the stratospheric aerosol 
layer is still quite uncertain, a number of investigators (e.g., Rosen, 1971; 
Toon and Pollack, 1973; Russell et al., 1976) have suggested that the strato- 
spheric particles are a 75 percent by weight mixture of sulfuric acid in water. 
Figure 5 (from Mugnai et al., 1978) shows absorption cross sections for the 
75-percent sulfuric-acid mixture that may be large enough to affect the 9 to 
10 ym radiation detected by the limb-scanning radiometers for strong aerosol 
loading in the stratosphere - such as after the Mt. Agung and Fuego volcanic 
eruptions. Future detailed studies of this problem, and other similar problems 
involving the effects of infrared aerosol absorption or emission on concentra- 
tions of minor species detected by satellite sensors, may suggest additional 
Shuttle borne lidar experiments for testing and improving our techniques for 
obtaining data on atmospheric constituents. 
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TABLE I.- SUMMARY OF MEASUREMENTS TO VERIFY RADIATIVE MODELS 


Parameter 

Height range, l<m 

Ax, km 

Az, km 

Remarks 

Correlative sensors 

Lidar experiment 


0 to tropopause 

100 

0. 5 to 1 

10 percent to factor 3; 

ERB sensor*^; 

1 , 2 , 3 





haze, clouds, dust layers, thin 

temperature and 






cirrus 

H 2 O sounders'^ 



Tropopause to 1 00 

200 

2 to 4 

10 percent to factor 5; 

ERB sensor^; 

4 , 6, 24 





stratospheric aerosols. 

temperature and 






mesospheric aerosols, noctilu- 
cent clouds 

H 2 O sounders'^ 


H 2 O 

0 to tropopause 


2 

20 percent 

ERB sensor^; 

9, 10, 18 


Tropopause to 30 

■ 

3 

50 percent to factor 2 

temperature and 
H 2 O sounders'^ 


O 3 

0 to tropopause 

Bi 


20 percent (5 percent of total O 3 ) 

ERB sensor*^; BUV Sensor‘S 

10 , 18 


Tropopause to 50 

■1 


10 percent 


10 , 12 

CO 2 




10 percent below 50 km; 

ERB sensor^; 




■itekiliiiiMMri 






can be obtained from T(z) 

temperature and 
H 2 O sounders'^ 


CO 2 mixing ratios 

70 to TOO 

1000 

5 

20 percent needed for input on 


13 





radiative transfer for 
non-noctilucent conditions 



Minor species (e.g., CFM's) 

0 to tropopause 

500 

2 

20 percent 


10 , 18 


Tropopause to 50 

500 

3 

20 percent 



Temperature 

0 to tropopause 

500 

2 

1 K 


1 7 


Tropopause to 30 

500 

3 

2 K 


17 


30 to 100 

1000 

3 

5 K 


1 7 

Albedo 

Surface 

500 


0.01 

ERB sensor 




Cloud- top heights 

0 to tropopause 


0. 1 


ERB sensor'^; 

1 



■I 



cloud-height radiometer 



^Particulate scattering and extinction cross sections, as function of wavelength (or angle for scattering). 
*^Averaged quantity. 

^For Earth Radiation Budget studies. 

'^For effects on passive sensors. 
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HEATING EFFECT after Mount Agung ie mapped. The isolherma degrees Celsius, from January before the eruption to one ye.ir later, 

give the increase in mean temperature at about 19 kilometers, in (Broken lines indicate uncertainty due to scarcity of observation-.' 


Figure 1,- increase in temperature at 19 km altitude from January 1963 to 
January 1964. (From Newell, 1971; The Global Circulation of Atmospheric 
Pollutants. Copyright 1970 by Scientific American, Inc. All rights 
reserved) 
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Figure 2.- Daily average heating rates (in K per day) at 19 km altitude for 
fine ash and impure sulfuric acid droplets 300 days following Mt. Agung 
eruption. (From Fiocco et al. , 1977) 


Mt Agung 



Figure 3.- Comparison between stratospheric 
temperatures before and after eruption of 
Mt. Agung as observed over Australia and 
as computed using a radiative-convective 
climate model. (From Hansen et al., 1978) 
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Tropical Tropospheric Temperature 



Figure 4.- Comparison between tropospheric temperatures before and after 
eruption of Mt. Agung as observed between 30°N and 30°S and as com- 
puted using a radiative-convective model. (From Hansen et al., 1978) 


c 

o 


w 

CO 

CO 

o 

u 

o 


o ^ 

•rH ‘ 
-M 

a 

o 

cn 


a 

I 

s 

u 



Figure 5.- Spectral variation of aerosol absorption 
cross section per unit mass for three models of a 
75 percent by weight mixture of sulfuric acid and 
water (labeled (a), (b) , and (c) ) and for a vol- 
canic ash model (labeled (d) ) . Each set of curves 
represents upper and lower bounds on cross sections 
for all particle radii between 0.01 and 1 pm. 

(From Mugnai et al., 1978, courtesy Royal 
Meteorological Society) 





Scientific Objective 4; Meteorological Data 


The purpose of scientific objective 4 is to augment the meteorological 
data base . 


Introduction 

Although it is often thought that modern society is becoming less vul- 
nerable to the weather, in many respects the reverse is true. For example, 
weather is still the dominant factor in determining annual changes in global 
and regional food production, a fact made more important by recent declines in 
grain reserves. (These reserves now barely cover annual variations in produc- 
tion caused by weather.) In addition, many economies (including our own) are 
becoming increasingly dependent on international transport of products and 
resources; furthermore, an increasing portion of oil and other resources is 
being derived from off-shore operations. As a result, changes in weather and 
sea state have become more important in determining the performance of related 
sectors of the economy. These are but three examples of the many aspects of 
modern societies and economies that are sensitive to the weather. Another con- 
tributing factor is the growing scale of man's activities, which have reached 
the point of inadvertently affecting the weather. All of these trends have 
increased the importance of accurate weather measurements and predictions, not 
only in major population centers but also in more remote areas such as ocean 
shipping lanes and major agricultural regions (Committee on Atmospheric Sci., 
Natl. Res. Council, 1977). 

In recent decades the advent of weather radar, weather satellites, and 
increasingly powerful computers has led to tremendous advances in our ability 
to monitor weather and to understand it. However, the relatively modest 
accompanying gains in forecasting skill (Phillips, 1976; Halem, 1976; Tracton 
and McPherson, 1977; Baer and Boudra, 1977) point to the fact that much room 
for improvement remains. For example, improved warnings of severe storms and 
increased skill in predicting weather statistics in specific growing regions 
and seasons could yield benefits measured in the hundreds of millions of dol- 
lars (e.g.. Committee on Atmospheric Sci., Natl. Res. Council, 1977). 

Improvements in the observational data base, along with improvements in 
numerical prediction models and computers, are thought to hold the key to 
improved skill in weather prediction. Careful consideration of these factors 
has been made, and several studies have specified resolutions and accuracies 
for various observations that are considered necessary for fundamental improve- 
ments in forecast accuracy (e.g.. The Physical Basis of Climate and Climate 
Modelling in 1974, U.S. Committee for Global Atmospheric Res. Program in 1978, 
and Proposed NASA Contribution to the Climate Program in 1977).* These require- 
ments are summarized in table I. The parameters in the body of the table 
describe the needs for global or hemispheric numerical weather prediction 
models. As noted above, current global prediction models have not benefitted 


*These documents are not formally published and are therefore not in the 
reference list. 
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significantly from the uses made of satellite weather data, particularly 
remotely sensed temperature soundings. This is partly due to the skillful 
use of all the older types of weather data, including land, ship, and aircraft 
reports. The current Northern Hemisphere satellite sounding data set adds only 
small nuances to the conventional data set. Although the satellite data can 
have a large impact on individual situations, current global prediction models 
are usually insensitive to the small nuances in initial state that the satel- 
lites provide (Phillips, 1976; Tracton and McPherson, 1977). Also, intercom- 
parison of models shows that differences in the analyses and forecasts of dif- 
ferent models can be far greater than the differences produced by satellite 
data. Hence, model errors can still dominate, and this prevents a general 
demonstration of a positive impact of satellite data on global-scale or 
hemispheric-scale numerical prediction. 

Partially as a result of this situation, fine-mesh prediction models are 
now being developed to give improved short-range (1 to 2 days) predictions, 
particularly of weather phenomena of interest to the public - namely winds, 
rain, thunderstorms, snow, etc. (e.g., Shuman, 1978). Figure 1 shows the hori- 
zontal area and grid spacing for several types of fine-mesh models in compari- 
son to the hemispheric model of the U.S. National Meteorological Center (NMC) . 
The fine-mesh models require initial data with finer spatial and temporal reso- 
lution than do the global models, and perhaps with better accuracy. (See the 
footnote in table I for details) . Also, the fine-mesh models are sensitive to 
factors not important for the large-scale circulation. These include moisture, 
latent heat release, radiation effects of clouds, and vertical wind components. 
Current satellite observing systems cannot measure all of these quantities to 
the required accuracies and resolutions. However, improved satellite instru- 
ments, including lidar, have the potential to make the required measurements, 
so that satellite data will become increasingly more important to numerical 
weather prediction as time goes on. 


Specific Problems 

The following sections discuss the basis for the specific requirements in 
table I and the ability of lidar and other sensors to satisfy them. The sec- 
tion "Summary of Needs and Expected Capabilities" summarizes the requirements 
and their relation to the expected performance of various lidar measurements. 
(See also appendix A.) 

Temperature .- The development of satell ite temperature sounders and their 
application in understanding and forecasting weather have been and continue to 
be a major thrust of the NASA meteorology program. The emphasis on the devel- 
opment of current sounders such as the Vertical Temperature Profile Radiometer 
(VTPR) , the High Resolution Infra-Red Sounder (HIRS) , and the Scanning Micro- 
wave Sounder (SCAMS) provides ample evidence of this thrust. In the mid- and 
high-latitude section of table I, temperatures are listed first (before winds) 
because in these latitudes it has been common practice to derive winds from 
temperatures using balance relationships. (Note, however, the discussion in 
the "Winds" section.) 
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X. 


General circulation models have now developed to the point where data at 
as many as seven independent tropospheric levels are required, whereas even the 
most advanced passive sounder currently under study is expected to provide no 
more than four independent levels. In addition, evaluation studies of sounding 
accuracy by both the National Meteorological Center and the Goddard Institute 
for Space Studies show that current passive sounding techniques can provide an 
accuracy of only about 1.5 to 3.5 K, depending upon level. Figure 2 shows an 
example of the result of this type of evaluation study. In the Northern Hemi- 
sphere this accuracy is not sufficient to produce more than small improvements 
in the forecast accuracy achieved on the basis of surface, radiosonde, and air- 
craft measurements alone. 

Hence, the requirements for temperature profiles specified in table I 
markedly exceed the present capabilities of passive temperature sounders. 

Table I thus clearly establishes a need for sounders with greatly improved 
accuracy relative to current capabilities (1 K vs. 1.5 to 3.5 K) . With regard 
to accuracy, it should also be noted that thin clouds and aerosol layers can 
introduce substantial errors into passive temperature soundings. However, the 
extent of these errors and the best methods to correct them have not been sat- 
isfactorily established because of (1) the approximate theoretical treatment of 
cloud and aerosol layers and (2) the current difficulty in documenting thin 
cloud and aerosol layer height, density, or even occurrence within the passive 
profiler field of view. Differences of 3 to 4 K and larger between satellite 
and radiosonde temperature profiles have been observed near the antarctic 
tropopause (Asgeirsson and Stanford, 1977); it is possible that subvisible 
cirrus clouds are responsible for these differences, but without further data 
this is only speculation. 

Lidar measurements from space could be used to improve temperature sound- 
ings in two ways. In the near future, they could be used to document cloud and 
aerosol layer heights and densities within the FOV of co-aligned passive pro- 
filers. The resulting data set could clarify the effects of particulate layers 
as a function of location and season and lead to improved analysis methods or 
instrumentation, which would improve the accuracy of the data product produced 
by passive sounders. Also, for thick clouds, combining an infrared window mea- 
surement with a lidar height measurement could yield the temperature at a well- 
defined height. With further development it appears that lidar differential 
absorption or Doppler measurements could provide direct measurements of the 
complete temperature profile with extremely high vertical resolution. In addi- 
tion, the use of the lidar technique will allow the temperature of specified 
layers to be measured in a direct manner, rather than requiring the use of 
inversion techniques as must currently be done in order to use the data from 
passive profilers. Finally, mathematical analysis indicates that a lidar tem- 
perature profile experiment could meet the 1 K temperature accuracy requirement 
while simultaneously meeting the vertical resolution requirement of 2 km. 

Winds .- In the tropics, horizontal wind is considered the most important 
observational variable because the synoptic-scale temperature and pressure 
gradients are weak; hence, the wind is only weakly coupled to the mass field 
and may not be satisfactorily derived from other parameters. Moreover, in 
extratropical regions, even though geostrophic wind can be derived from other 
parameters, nongeostrophic wind components near the tropopause and in the lower 
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levels are important for the diagnosis and prediction of weather development, 
and these cannot be derived from the temperature field alone. Thus there is a 
need for horizontal wind measurements at all latitudes, but the need is great- 
est in the tropics. There is also a need for vertical-wind measurements and 
their associated regions of convergence, divergence, and instability. These 
needs are summarized in table I. 

Wind information is currently derived from radiosondes launched once 
every 12 hours from points about 350 km apart in developed countries, with 
much larger gaps over the oceans. Cloud motions derived from satellite photo- 
graphs are another source of wind data, but this- method, though very valuable, 
is limited as it cannot provide the wind field at cloud-free levels or loca- 
tions. There are also questions regarding the possible differences between 
apparent cloud motions and the true wind and, more fundamentally, difficulties 
with assigning heights to the derived cloud-motion vectors. The cloud-height 
problem is especially difficult for cirrus clouds (typical errors of 1 to 2 km 
or more - see Shenk et al., 1975; Reynolds and Vonder Haar , 1977; Minzner 
et al., 1978) and for cumulus clouds that penetrate the tropopause and may have 
temperatures that differ from their surroundings. (See also "Clouds" below.) 
With regard to the vertical-wind component, it should be noted that there is 
currently no satellite method for measuring it. 

Space-borne lidar has the potential to improve wind measurements in two 
main ways. In the near term, cloud-top height measurements could be made to 
well within the accuracy specified in table I, and this, combined with concur- 
rent passive radiometric data, could aid in testing and refining passive height- 
assignment strategies. (Current tests of passively derived heights are not so 
direct as those permitted by space-borne lidar.) In the longer term, Doppler 
lidar measurements could possibly provide a direct measure of both vertical and 
horizontal winds in all areas unobscured by thick clouds. 

Pressure .- The pressure field is the most fundamental variable in weather 
prediction and atmospheric circulation studies. Surface pressure and 500 mb 
heights are used by the operational meteorologist to determine mass movement; 
the three-dimensional pressure field is also the principal variable used in 
general circulation models for mid-range and long-range forecasting. It may be 
noted that the pressure profile can be used directly to specify both the tem- 
perature profile and the "balanced" wind. In contrast, the derivation of a 
pressure profile from a temperature profile is not possible without specifying 
pressure at a reference height. 

Currently, remote-sensing techniques for the direct measurement of the 
pressure profile and even for the surface pressure have not yet been developed; 
moreover, the lack of an accurate pressure reference level hinders derivation 
of pressure profiles from radiometrically sensed temperature profiles. As a 
result, measurements of the pressure profile are available only at radiosonde 
locations and where satellite temperature profiles and a surface pressure mea- 
surement coincide. 

The lidar technique combined with the method of differential absorption 
could permit the direct measurement of either the surface pressure (using 
ground-based reflection) or cloud pressure heights (using cloud-top returns) . 
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Specification of a reference pressure and the height at which the reference 
pressure is obtained is a basic requirement of the NASA climate plan as well 

as for the GARP program. The requirements for this measurement for the above 

programs are an accuracy of 0.3 percent and a horizontal resolution of 500 km, 
which it is believed could be met or exceeded by a lidar measurement. 

The lidar-measurement technique may also be used in conjunction with 
returns from aerosol and molecular scattering to obtain a direct measurement 
of the pressure profile in the lower troposphere. For this measurement, math- 
ematical analysis shows that accuracies in the range of 0.2 percent for alti- 
tudes less than 2 km, and accuracies of better than 0.4 percent for altitudes 

up to 5 km, are potentially obtainable with a vertical resolution of 1 km and 
a horizontal resolution of 500 km. This measurement of the pressure profile 
would provide information which must currently be derived from a combination 
of measurements of the temperature profile, at much poorer vertical resolution, 
and ground-based measurements of surface pressure. 

Humidity .- Until recently, atmospheric humidity (whether in vapor or liq- 
uid form) has not been considered very important as initial data for global 
numerical weather prediction. However, the thrust to develop fine-mesh predic- 
tion models has changed this, both because of the importance of clouds and rain 
to mesoscale processes and because humidity is a very sensitive indicator of 
horizontal convergence or divergence (particularly in the lower atmosphere) . 

The divergence patterns in turn relate to vertical air currents that are 
important in energy transformations, which are involved in the formation of 
storms such as cyclones, squall lines, and hurricanes. Another potential 
application of humidity data from geosynchronous satellites is in the deter- 
mination of winds in cloud-free areas (Endlich et al., 1972). This method is 
similar to tracking clouds to determine winds since humidity patterns on isen- 
tropic surfaces are tracers of air motions. Data of sufficient accuracy and 
detail to permit application of this method have been obtained very recently by 
the European geosynchronous satellite Meteosat and are currently being studied. 
(See the example in fig. 3.) Although microwave instruments flown on recent 
satellites (e.g., the ESMR on Nimbus 5 and the SCAMS on Nimbus 6) have given 
promising results in measuring humidity, the vertical resolution has not been 
sufficient to meet the requirements of table I. Calculations indicate that 
differential absorption lidar measurements from space could meet the require- 
ments of the table. 

Clouds .- As mentioned above, satellite cloud observations are currently 
a major source of wind data, but more accurate determinations of cloud- top 
heights are needed. The changing height of a cloud top is also a measure of 
the intensity of its upward vertical motion and thus is related to the low- 
level convergence, subsequent release of latent heat, and eventually to the 
intensity of rainfall and the degree of storm severity. Thus, improved mea- 
surements of cloud- top heights could aid severe-storm prediction in two ways: 
through improved height assignments to cloud-motion vectors and through more 
accurate inference of storm intensity. The latter aspect is especially in 
need of improved measurement techniques because the tops of towering cumulus, 
which may penetrate the tropopause and be much colder than the surrounding air, 
yield large height errors when measured by some passive radiometric techniques. 


50 



Another cloud parameter that is of value in meteorological analyses is 
the thermodynamic phase (ice vs. water). Lidar measurements of backscattered 
polarization can provide information on particle shape and, by inference, on 
phase. As with cloud height measurements, limited numbers of lidar flights 
could have a positive impact on operational cloud determinations if passive 
radiometers (e.g., Kyle, et al., 1978) are co-aligned with the lidar and the 
lidar data are used to improve the data analysis procedures for the passive 
sensors (which could be flown more frequently and in geosynchronous orbits) . 


Summary of Needs and Expected Capabilities 

Table II summarizes the resolutions and accuracies required of various 
parameters for improvements in weather forecasting and the performance that 
is expected from various lidar experiments. The experiments are described in 
the section "Candidate Shuttle Lidar Experiments" and in more detail in appen- 
dix A where they are grouped according to their probability for success and 
their complexity; roughly speaking, the smaller the experiment serial number, 
the greater the feasibility of the experiment. Thus it can be seen that the 
most feasible lidar experiments (experiments 1 and 2) do not yield direct data 
on temperature, wind, pressure, or humidity; rather, they are intended to aid 
current passive methodologies through identifying cloud-top heights and the 
effects of thin clouds and aerosols on passive profilers. The higher numbered 
experiments are expected to provide direct measurements of the meteorological 
parameters with resolutions and accuracies that are often markedly superior to 
those of current systems. In general, the outstanding advantage expected from 
the lidar measurements is an ability to provide tropospheric profile data with 
vertical resolution of order 1 km. 
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Parameter 

(b) 

At, hr 

Ax, km 

Az 

Accuracy 

Remarks 

Troposphere 

Stratosphere 




Mid 

and high latitudes 


12 to 24 

250 to 500 

4 levels (2 km) 

3 levels (4 km) 

±1 K 

12 to 24 
12 to 24 
12 to 24 

250 to 500 
(c) 

250 

4 levels (2 km) 

3 levels (4 km) 

±2 m/s 
±2 m/s 
■» 1 cm/s 

4 levels (2 km) 

3 levels (4 km) 

12 to 24 

250 

4 levels (2 km) 

3 levels (4 km) 

±30 percent 

12 to 24 

250 



±1 K 


Height must be known to 0.5 km 

For individual cloud scale 1 m/s may be useful 


Temperature 

wind: 

Horizontal 
Cloud motion vec 
Vertical 


Relative humidity 


Pressure: 

Surface (or reference 
level) 

Profile 


Wind : 

Horizontal 

Cloud motion vectors 
Vertical 

Temperature 


Relative humidity 12 to 24 250 4 levels (2 km) 

Sea surface temperature 12 to 24 250 

^Values listed in body of table for At, Ax, and Az apply to inputs for global or hemispheric models. For fine-mesh models, 
required Ax is 100 km. At is somewhat smaller than shown, and Az can be a factor of 2 finer than that shown. 

'^Additional parameters: cloud, snow, and ice cover; precipitation areas and soil moisture; reflected, scattered, and emitted 

radiation, albedo and radiation balance. 

^Needed at 200 km intervals in cloudy regions. 




24 250 


500 


3 levels (4 km) 

4 levels (2 km) I 3 levels (4 km) I ±30 percent 


±2 m/s 
±2 m/s 
»1 cm/s 

j Height must be known to 0,5 km 
For individual cloud scale 1 m/s may be useful 

±1 K 







































TABLE II.- REQUIRED AND EXPECTED PERFORMANCE FOR LIDAR MEASUREMEJ^TS THAT ADDRESS METEOROLOGICAL OBJECTIVES 


Parameter 

Required performance 

Lidar 

experiment 

Expected performance 

Global models 


Fine 

-mesh models 

At , hr 

Ax, km 

Az , km 

Accuracy 

At, hr 

Ax, km 

Az, km 

Accuracy 

Ax, km 

Az, km 

Accuracy 

Temperature 

12 to 24 

500 

2 to 4 

±1 K 

6 to 12 

100 

1 to 2 

±1 K 

<=2 

2 

1 

(c) 


12 to 24 

500 

2 to 4 

±1 K 

6 to 12 

100 

1 to 2 

t1 K 

‘17 

500 

2 

0.7 to 2 K 

Wind 

12 to 24 

500 

^2 to 4 

±3 m/s 

6 to 12 

100 

31 to 2 

. ^±3 m/s 

=1 

c,l 

0.15 

(c) 


12 to 24 

500 

®2 to 4 

±3 m/s 

6 to 12 

100 

31 to 2 

^±3 m/s 

19 

0.1 

.1 5 

±2 m/s 


12 to 24 

500 

32 to 4 

±3 m/s 

6 to 12 

100 

31 to 2 

^±3 m/s 

20 

100 

1 

±2 m/s 

Pressure at reference 

12 to 24 

500 


±0.3 percent 

6 to 12 

100 

1 to 2 

^±0.3 percent 

15 

17 to 100 

0.1 

0.2 percent 

level 













Pressure profile 

12 to 24 

500 

2 to 4 

±.3 percent 

6 to 12 

100 

1 to 2 


16 

500 

1 

0.1 to 0,5 percent 

Relative humidity 

12 to 24 

500 

2 to 4 

±30 percent 

6 to 12 

100 

1 to 2 

*’±30 percent 

9 

50 to 250 

2 

5 to 35 percent 


12 to 24 

500 

2 to 4 

±30 percent 

6 to 1 2 

100 

1 to 2 


10 

10 

Column content 

±1 percent 










18 

160 

1 

10 percent 

Cloud-top height 



0.5 






1 

1 

0.36 

0.15 

0.15 km 

Cloud-droplet phase 










0.36 

0.15 



®Clouf^ motion vector height must be known to 0.5 km. 
^Better accuracy may be needed for some applications. 
‘^Cloud or aerosol measurement to aid passive methodology. 





Figure 1 Horizontal area and sample of grids for several numerical 
weather prediction models of the U.S. National Meteorological 
Center. Grid samples for hemispheric, regional, experimental VFM, 
and HCN models are shown by dot patterns in a corner of each area. 
(From Shuman, 1978) 



rms temperature error, 

Figure 2.- Comparisons of root-mean- square (rms) temperature errors obtained 
from simulations using an eigenvector method to process radiances from 
channels of infrared and microwave sounding spectrometers. 

(From Smith and Woolf, 1976) 
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Figure 3.- Typical image of upper- tropospheric 
water-vapor structure obtained from 5.7 to 
7.1 urn channel of Meteosat, the European 
meteorological geostationary satellite. 
White (dark) indicates relatively large 
(small) moisture content. (From Morel 
et al., 1978, courtesy American 
Meteorological Society) 




Scientific Objective 5; Upper Atmospheric Waves 


The purpose of scientific objective 5 is to study excitation, propagation, 
and dissipation of wave motions in the upper atmosphere. Scientific objective 5 
is further divided into the four sections "Global Morphology of Mesospheric and 
Thermospheric Waves," "Wave Motions of All Scales from 80 to TOO km Altitude," 
"Global Morphology of Lower Mesospheric Waves Using OH Radical," and "Wave 
Motions of All Scales in Stratosphere and Their Sources." 


Global Morphology of Mesospheric and Thermospheric Waves 

Introduction .- The motion of the atmosphere above about 60 km can be 
described in terms of a prevailing wind, tidal oscillations, an irregular com- 
ponent due to internal gravity waves, and turbulence. The tidal and gravity 
wave fields contain as much energy as the longer time scale geostrophically 
balanced motions and make a major contribution to the global balance of energy 
and momentum at these heights. 

, The sources of the tidal oscillations are believed to be heating by 
absorption of solar radiation by ozone and water vapor (Butler and Small, 1963; 
Lindzen, 1967). However, the latitudinal variation of the diurnal and semidi- 
urnal tides, the seasonal variations of these components, and the influence of 
the latitude variation of the mean wind and temperature on tidal wave propaga- 
tion are far from understood; and studies of all these aspects require a 
greater world-wide observational coverage than is presently available. For 
gravity waves the identification of the source is more problematic since exci- 
tation by tropospheric interactions, by changes associated with the auroral 
electrojet, and by nonlinear interactions of tidal oscillations is expected to 
be capable of generating such waves. It is evident that information on the 
global morphology of atmospheric oscillations will also help to identify the 
roles of these different sources. 

On the basis of studies of the propagation characteristics of extratropi- 
cal planetary waves (e.g., Charney and Drazin, 1961), it would be expected that 
such waves will only propagate through the stratosphere and be detected at meso- 
spheric heights in the presence of a relatively weak westerly flow. However, in 
view of the possible role of such waves in the transport of trace species, in 
addition to that arising from turbulent mixing, every attempt should be made to 
identify and study planetary scale structures in the mesosphere and at even 
greater heights. 

Present status .- For the present heights of interest, the greatest contri- 
bution to the study of atmospheric tides has been made by meteor radar observa- 
tions (e.g., Greenhow and Neufeld, 1961) but these have been limited to the 80 
to 105 km height range. Greenhow and Neufeld have shown that the diurnal com- 
ponent of the tidal wind is dominant at low latitudes and the semidiurnal com- 
ponent is dominant at high latitudes (Spizzichino, 1969). Recent incoherent 
scatter observations at Arecibo by Harper (1977) have confirmed that the diur- 
nal variation is dominant below 11 0 km but the semidiurnal component is stron- 
gest at 150 to 170 km. Amplitudes of both oscillations can reach 100 m/s at 
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100 tan, with 30 tan being a reasonable estimate for the vertical wavelength of 
the ccxnponent. 

For studies of gravity waves a number of ground-based techniques have been 
used. Radio and radar probing (Manson et al., 1976; Woodman and Guillen, 1974) 
and meteor drift studies (Geller et al., 1977) have all contributed to informa- 
tion on waves below about 105 km, as have observations of air glow emissions 
(Krassovsky and Shagaev, 1974). A major number of the disturbances observed at 
mesospheric heights are believed to originate at lower levels. At thermospheric 
heights, radio probing studies (e.g., Munro, 1950) have provided considerable 
information on traveling ionospheric disturbances, which represent the response 
of the F-region plasma to the driving force of gravity waves, under the control 
of the Earth's magnetic fields. There is considerable evidence to associate the 
disturbances of medium or large scales (100 to 1000 km wavelengths) with polar 
disturbances (Georges, 1967), but the generation mechanism is not established. 
Even at these thermospheric levels, a less coherent type of disturbance seme- 
times observed is believed to originate at lower levels (Georges, 1968). 

Relevance to lidar .- Series studies of atmospheric tides at the heights of 
interest by lidar techniques have been limited to the work of Kent et al. (1972). 
This was based on the fluctuations of molecular densities measured by Rayleigh 
scattering using a very sensitive system. 

A number of ground-based systems have been used to observe the mesospheric 
sodium layer using resonance scattering. These have operated with vertical 
pointing laser beams and have commonly shown large variations in the shape of 
the vertical height distribution in a single night (e.g., Sandford and Gibson, 
1970); in these variations a downward propagating wave has been identified 
(Blamont et al., 1972; Rowlett et al., 1978). In addition, observations with a 
steerable beam have shown the presence of small scale structure and also a hori- 
zontal variation over distances of about 80 km, such a variation persisting for 
over an hour (Thomas et al., 1976 and 1977). 

For thermospheric levels, metal atoms and ions provide suitable tracers for 
studies of motions. However, resonance scatter frem these constituents occurs 
at ultraviolet wavelengths and this approach has not been possible frem the 
ground because of atmospheric absorption of these wavelengths. 

A cOTiparison of the horizontal structures of sodium and neutral magnesium 
will provide information on the vertical phase progression of gravity waves. 
Furthermore, a similar canparison of the neutral and ionized magnesium measure- 
ments for as high an altitude in the lower thermosphere as possible will demon- 
strate the influence of the Earth's magnetic field on traveling ionospheric 
disturbances commonly observed by radio techniques. 

The extension of the measurements to yield height profiles will reduce the 
horizontal resolution but will also provide information on the vertical phase 
progression of waves. Thus, for the sodium layer the horizontal resolution 
expected for profile data will be about 50 km in daytime, but this will still 
be sufficient to observe the larger gravity wave structures and those arising 
frean tidal oscillations and planetary waves. The combination of the sodium and 
neutral magnesium height profiles could provide detailed information over the 
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80 to 180 km region to enable vertical wavelengths for gravity waves (10 km), 
tides (30 km) , and also planetary waves to be identified. The measurement of 
the Mg'*" profile within sporadic E-layer would enable the downward transport of 
metal ions by gravity waves to be recognized. 


Wave Motions of All Scales From 80 to 100 km Altitude 

Introduction .- It is expected that in the 80 to 100 km height range the 
major wave phenomena and effects will arise from gravity-wave and tidal-scale 
disturbances. On the basis of theoretical predictions, the amplitudes of 
planetary- scale disturbances will be small because of interactions with the 
EOnal wind field at stratospheric heights (Charney and Drazin, 1961), but 
these effects might still be important especially in the transport of trace 
constituents. 

For tidal oscillations and gravity waves originating at lower heights, it 
is expected that the perturbations increase with height as p~V2 (where p 
is mean density) , but this growth is countered at the upper levels of the pres- 
ent heights of interest by enhanced dissipation arising from large values of 
kinematic viscosity and thermal conductivity. Such dissipation is believed to 
be responsible for a significant heating at these and higher levels (Hines, 
1965). Marked attenuation of gravity waves can also be seen at critical levels 
where the horizontal phase velocity is equal to the velocity of the mean wind 
(Booker and Bretherton, 1967). The transfer of moment of momentum to the wind 
at such levels can influence the atmospheric circulation (Jones and Houghton, 
1971), and nonlinear interactions can give rise to turbulent layers at such 
levels (Fritts, 1978). The generation of turbulence by gravity waves and tidal 
oscillations in the present height of interest is of considerable interest both 
in relation to small-scale accuracy of atmospheric constituents (Lindzen, 1971) 
and also in controlling the circulation at these levels (Houghton, 1978). 

Present status .- The information currently available on wave motions in 
the 80 to 100 km region has been derived largely from ground-based techniques. 
The meteor radar method has made a major contribution to tidal studies in rec- 
ognizing the predominance of the diurnal component at low latitudes and semidi- 
urnal component at high latitudes (Spizzichino, 1969) and has demonstrated that 
the amplitudes of each component can reach 100 m/s at 100 km. This approach 
has also been used to identify some of the characteristics of gravity waves and 
has also identified longer term oscillations which have been attributed to 
planetary waves. Very-high-frequency Doppler radar measurements have illus- 
trated the propagation of gravity waves to mesospheric heights from below 
(Woodman and Guillen, 1974) and have shown a growth in amplitude and dissipa- 
tion with increasing height. The influence of gravity waves in the 80 to 
100 km region has been demonstrated in airflow observations of intensities and 
temperatures (Krassovsky and Shagaev, 1974). Recent results of Noxon (1978) 
have revealed very large temperature oscillations which will facilitate the 
observation of such waves but will also demand a nonlinear treatment in inves- 
tigations at these heights. 

Relevance to lidar .- Because of the relatively small molecular densities 
existing in the 80 to 100 km region, Rayleigh scattering does not lend itself 
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readily to studies of wave notions at these altitudes, although some results on 
tidal oscillations have been obtained using a large, sensitive receiving system 
(Kent et al., 1972). In contrast, observations of the mesospheric sodium layer 
by resonance scattering have successfully demonstrated gravity-wave activity. 
Large variations have been observed in the vertical height distributions (e.g., 
Sandford and Gibson, 1970), and evidence for a downward propagation wave has 
been found (Blamont et al., 1972). In addition, measurements of profiles at 
two points separated by about 1 5 km have shown oscillations similar to those 
expected for gravity waves, and evidence for a horizontal variation over dis- 
tances of about 80 km has been obtained (Thomas et al., 1976 and 1977); if this 
variation is attributed to wave action, its persistence of about an hour would 
seem to imply a standing-wave pattern. 

These results indicate that the detailed height information available from 
lidar experiments combined with the latitude coverage provided by a satellite 
experiment could provide the necessary information for the present wave studies. 

The development of the ground-based method for studying the mesospheric 
sodium layer provides the best basis for lidar measurements of waves in the 80 
to 100 km region; Rayleigh scattering studies for this height range will not be 
feasible. Further development will be directed towards the incorporation of 
temperature measurements from observations of the Doppler broadening of the 
sodium line profile and of wind measurements frcan the Doppler shift imposed on 
this profile. 


Global Morphology of Lower Mesospheric Waves Using OH Radical 

Introduction .- As with the lower thermosphere, the 60 to 80 km height 
region should contain disturbances of gravity-wave, tidal-oscillation, and 
planet ary- wave scales. However, for gravity waves and tides the amplitudes 
at the lower heights will be reduced in proportion to p~^ (where p is mean 
density) and will, therefore, be more difficult to detect. Thus, direct obser- 
vations of these waves at a 60 km height, based on temperature or wind measure- 
ments, will require accuracies of about 1 K and 2 m/s, respectively. For plan- 
etary waves, the amplitudes should be larger in the 60 to 80 km region than in 
the lower thermosphere, but the above measurement accuracies will still be 
required. 

The 60 to 80 km height range is of interest because, on the basis of pres- 
ent ideas, it does not represent a major source region of waves and is still 
below the region of major dissipation of gravity waves and tides. 

Present status .- The study of atmospheric waves in the 60 to 80 km height 
range has not attracted the same attention as at other heights. Observations 
with rocketsondes have terminated at the lower height limit, and the meteor 
radar technique can only provide information above 80 km. Some information on 
motions in the upper part of the height range has been given by observations of 
partial reflections of MF radio waves pulses (e.g., Manson et al., 1976), and 
large VHF facilities (e.g.. Woodman and Guillen, 1974) are particularly useful 
for observations of the smaller-scale disturbances. Information on planetary 
waves has been provided since 1975 by measurements of temperature structure 
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using the Pressure Mcxiulator Radiometer and the Limb Radiance Inversion Radiom- 
eter on a Nimbus 6 satellite, and such instruments could in the future be also 
used for wind measurements. 


Relevance to lidar Observations of the 60 to 80 km height region of the 
atmosphere are rendered difficult by the absence of any suitable scattering 
constituent. Rayleigh scattering has been used for observing tidal oscillations 
(Kent et al. , 1972) but has required a very sensitive system. 

Both theoretical (Thomas and Bovanan, 1972) and experimental treatments 
(Anderson, 1971a and 1971b) have indicated concentrations of the OH radical in 
excess of 10® cm“3 at heights between about 60 and 75 km, the concentration 
decreasing rapidly with further increase in height. No lidar observation of 
this constituent has been made at these heights. However, it can be shown that 
resonance scattering of lines in the OH (^E - ^ 11 ) band system near 300 nm will 
exceed Rayleigh scattering; and when account is taken of quenching of the 
state, it is found that the scattering efficiency is greater than 80 percent 
above about 60 km. Thus the OH radical could provide a suitable tracer for 
studying the 60 to 80 km region by a lidar technique. 


Wave Motions of All Scales in Stratosphere and Their Sources 

Introduction .- Although a number of atmospheric oscillations are expected 
at stratospheric heights, some of these do not lend themselves to observations 
during Spacelab flights limited in duration to one or two weeks. They include 
the annual periodicity, the quasi-biennial oscillation commonly observed below 
35 km, the semiannual oscillations most evident above this height, and the 
periodicity of about 14 days observed in the amplitude of planetary waves. 

Thus the present consideration of Spacelab, observations of the stratosphere 
will be confined to planetary waves, gravity waves, and tides. However, 
future operations with a power module might make the observation of some 
longer-term oscillations possible. 

For planetary waves, it is considered that the differential solar heating 
over oceans and continents dominates the production of waves in the middle 
stratosphere, with wind flow over orographic features being capable of generat- 
ing waves at lower heights (Beer, 1974). A study of planetary-wave activity at 
a series of heights in the stratosphere in relation to the distribution of con- 
tinents, oceans, and mountain ranges might help identify these sources, as well 
as the role of baroclinic instability in the excitation of waves at heights 
above about 30 km. 

For gravity waves, the lee waves generated by the passage of winds over 
extensive chains of mountains provide specific sources capable of study from 
world-wide observations of the stratosphere. Furthermore, the production of 
such waves by the supersonic movement of the terminator should be more easily 
detectable at stratospheric heights than at ground level. 

For both types of waves, interaction with the mean flow is known to be of 
major importance. In particular, the presence of critical layers, in which the 
horizontal phase velocity is equal to that of the mean wind (e.g., Booker and 
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Bretherton, 1967), can cause marked attenuation. Consequently, the interpreta- 
ticsi of changes in the wave amplitudes with height will need to take account of 
this effect as well as the possibility of reflection from features in the wind 
and temperature profiles. 

For tidal oscillations, the sources mechanisms are believed to be heating 
caused by absorption of solar radiations, of ozone in the upper stratosphere 
(Butler and Small, 1963), and of water vapor at lower heights (Lindzen, 1967). 
The detection of tidal oscillations at stratospheric heights will be relevant 
to the confirmation of these ideas. 

Present status .- The greatest information on atmospheric waves at strato- 
spheric heights probably relates to planetary scale effects. Hirota (1975) and 
Hirota and Sato (1969) have shown that traveling waves of few meters per second 
amplitude in summer, and considerably larger amplitude in winter, are frequently 
observed; and corresponding temperature fluctuations have been detected from 
Nimbus satellites in summer (about 1 K) and winter (about 10 K). The planetary- 
wave effects associated with stratospheric warmings can be considerably larger 
(Labitzke, 1972) . 

Both theoretical and experimental studies on tidal oscillations at strato- 
spheric heights have indicated small amplitudes. Thus for the diurnal compo- 
nent, Reed et al. (1969) have shown from observations and Lindzen (1967) from 
theoretical analysis that an amplitude of 1 m/s is representative of 30 km 
altitude. 

Similar small amplitudes are also to be expected for gravity waves. 
According to the results of the meteorological rocket network (Justus and 
Woodrum, 1973) and measurements with VHF radar (Woodman and Guillen, 1974; 

Rlister et al., 1978), amplitudes less than 1 m/s are to be normally expected 
near 20 km. 

It is evident that the detection of such small changes in wind or temper- 
ature for studies of the wave field at stratospheric heights will be very 
challenging. 

Relevance to lidar .- The obiective of examining planetary wave activity at 
different heights in the stratosphere, in order to identify the proposed source 
mechanisms, could be realized with the good height resolution characteristic of 
the lidar technique. This feature could also lend itself to the identification 
of vertical wavelengths of atmospheric oscillations in the stratosphere. 

To date, no lidar observations of the wind field, or of the detailed 
temperature structure, at stratospheric heights have been reported. The mea- 
surement of the Doppler shift imposed on laser radiation from moving atmo- 
spheric aerosols has been demonstrated for tropospheric heights by Benedetti- 
Michelangeli et al. (1972). Their experiment made use of a stabilized, chopped 
argon ion laser operating at 633.8 nm with photon counting being used in the 
receiver system. In addition, the general capability of a coherent infrared 
lidar technique for accurate wind measurement has been demonstrated by 
Huf faker, 1975. 
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Scientific Objective 6; Thermospheric Chemistry and Transport 


The purpose of scientific objective 6 is to study the chemistry and trans- 
port of thermospheric atomic species. 


Introduction 

Above 80 km, the molecular constituents vdiich were predominant below that 
level are broken into atomic species by the intense solar ultraviolet radia- 
tion. The photodissociation of molecular oxygen into atomic oxygen is espe- 
cially effective in the thermosphere; and the study of the oxygen cycle, its 
formation, its transport by molecular and eddy diffusion or by global circula- 
tion, and its recombination into molecular oxygen are determinant factors in 
the composition and thermal structure of the thermosphere. 

The presence of oxygen either in molecular or atomic form is responsible 
for a large number of chemical reactions. For example, N atoms and H atoms 
undergo oxidation reactions to produce NO and OH, respectively, and metals 
and alkalis vdiich are present in the lower thermosphere are limited by their 
oxidation. 

It should also be mentioned that the far ultraviolet solar photons lead to 
the photoionization of the major thermospheric neutral components N 2 , O 2 , and 
O, as well as minor constituents, alkalis, and metal atoms and oxides. This 
equilibrium between neutral and excited species is very unstable due to colli- 
sions and interactions with fast photoelectrons, and de-excitation leads either 
to optical emissions or thermal energy production. 

The equilibrium of most of those species cannot be understood without tak- 
ing into account transport processes, whether they are global scale circulation 
or tidal and planetary waves. Vertical transport and eddy diffusion at the 
level of the mesopause (»90 km) play an important role in the energy transport 
from the thermosphere to the mesosphere, and they affect the distribution of 
most of the thermospheric atoms H, He, Ar, and 0. 

A simultaneous global coverage of several of those species together with 
the measurement of the dynamical parameters responsible for their transport 
would be helpful in the understanding of the equilibrium of atomic species in 
the lower thermosphere. 

Such a program cannot be completely fulfilled by lidar alone and should 
be based on simultaneous use of active and passive techniques. A valuable 
feature of using the lidar technique to study the atmosphere is the possibility 
of obtaining good vertical resolution (^1 km) . It is then possible to observe 
the spatial and/or temporal evolution of structures and inhomogeneities which 
have already been proven to exist in most species around the mesopause level. 
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Specific Problems 


Lower thermosphere eddy diffusion coefficient .- It is now generally recog- 
nized that eddy diffusion plays a major role in the energy transport through 
the mesopause level. Measurements of the eddy diffusion coefficient are too 
few and too scattered in space ard time to give an accurate idea of its varia- 
tion. The usual techniques have used the observation of meteorites, artificial 
clouds, and mass spectrograph ratio measurements of Ar to N2. A recent review 
of our present knowledge of the eddy diffusion coefficient is given by Roper 
(1977). More recently, the vertical distribution of sodium atoms has led to 
an evaluation of the eddy diffusion coefficient (Megie and Blamont, 1977) by 
studying the temporal evolution of the topside scale height of the sodium layer 
in the absence of any source. An estimate of this coefficient can also be 
obtained from the presence or absence of structures in the sodium layer as an 
increase in the eddy turbulence tends to make those structures vanish. Such 
information can be easily obtained using lidar to measure the vertical distri- 
bution of the sodium layer on a global scale. Even such a rough estimate 
(within a factor of 5) should be of great help if obtained on a global scale. 
More accurate measurements of the evolution of the topside scale height require 
a large series of measurements on many orbits in order to obtain the temporal 
variation at the places where the orbits cross each other. 

The scientific requirements are obviously more ambitious than that which 
is proposed in the following table for the measurement of the eddy diffusion 
coefficient K (mainly because the measurement will be limited to the topside 
of the layer from; 95 to 100 km), but no other method seems to be available to 
perform such a measurement on a global scale. 


Parameter , cm^/s 

Altitude range, km 

Resolution 

Accuracy, percent 

Ax, km 

Az , km 

Scientific requirement 

K 

80 to 105 

«100 

5 

»100 

Proposed achievement 

K 

95 to 100 

wl 0 km 

5 

A few 

K 

95 to 100 

A few measurements 

5 

10 


Morpholog:,^ of Na abundances .- Sodium alrglcw has been observed for over 
50 years; but with the exception of a few rocket measurements which gave spo- 
radic information, it has only been a decade since accurate vertical distribu- 
tions have been provided using the lidar technique. 
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Increased spatial resolution using the lidar technique, and the possibil- 
ity of continuous observation during night and twilight, has led to a better 
understanding of the sources and sinks of these atoms. Dynamical effects have 
also been studied, and the structures observed in the layer have been attrib- 
uted to gravity or tidal waves propagating downwards with a speed of one to a 
few kilometers per hour. The measurements are yet limited to a few geographic 
locations, and the latitudinal variation cannot be deduced from the available 
data (Blamont et al., 1972; Gibson and Sandford, 1971; Hake et al., 1972; 
Kirchhoff and Clemesha, 1973). 

A global coverage with a good horizontal resolution could be obtained 
from the Spacelab v^ich will provide a global view of the general shape and 
structure of the layer. Such information will not only help to understand the 
existence of those atoms but, because they can be used as tracers of motions, 
they will provide information on local and global circulation. 

Such an objective can be fulfilled with the available technology. A com- 
parison between the scientific requirement and the proposed achievement in the 
measurement of Na is given in the following table: 


Parameter 

Altitude range, km 

Resolution 

Accuracy, percent 

Ax, km 

Az , km 

Scientific requirement 

Na 

80 to 100 

100 

0, 5 

20 

Proposed achievement 

Na 

80 to 100 

10 at night; 
100 during day 

0, 5 

20 


Stratospheric-mesospheric coupling using Na .- A significant correlation 
has been observed at high latitudes between sodium abundances and stratospheric 
warmings (Hunten and Godson, 1967). The breakdown in the stratospheric circu- 
lation pattern occurring from the rapid cooling of the polar stratosphere could 
produce vertical mixing which would carry salt particles up to the mesopause. 

A simultaneous study of stratospheric warmings, vertical transport, and sodium 
abundances could give a clearer insight into the stratospheric-mesospheric cou- 
pling. A measurement of the time delay between stratospheric warmings and the 
Na abundance increase would be of a great interest. It was also suggested 
(Hunten and Godson, 1967) that the vertical mixing associated with strato- 
spheric warmings would increase the NO concentration. And, as NO is the prin- 
cipal source of electrons in the D-region, this will lead to a similar increase 
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of the recombination processes producing neutral sodium from bimolecular ions. 
Simultaneous measurements of NO and sodium ions would be worth associating with 
the above suggested measurements. 

In a first phase, the lidar would only be used to obtain the sodium abun- 
dance and vertical distribution; stratospheric temperature could be provided 
by an infrared radiometer from CO2 absorption around 1 5ym with an accuracy of 
±1 K. Measurements of NO by passive techniques (y-band dayglow or infrared 
absorption) , even though they involve integration over a path length, would be 
useful until an NO density profile could be obtained by resonant fluorescence 
lidar in the y-bands (205 to 210 nm) . This ultraviolet lidar still needs laser 
development and will only be available for future missions. The results are 
summarized as follows; 


Parameter 

Altitude range, km 

Resolution 

Accuracy, percent 

Ax, km 

Az, km 

Scientific requirement 

Na 

80 to no 

TOO 

10 

A few 

Possible achievement 

Na 

80 to no 

10 at night; 
100 during day 

10 

A few 

Scientific requirement 

1 

NO 

100 to 130 

500 

5 

10 

Possible achievement 

NO 

70 to 150 

100 

3 

20 


Passive measurements required; 
Stratospheric temperature, +1 K 
Vertical transport 
Preliminary NO total content 
Na"*" from 80 to 100 km 


Origin of Na and K in uj^er atmosphere .- The simultaneous measurement of 
the altitude distribution of Na and K by lidar (Megie et al., 1978) has shown 
that the abundance ratio presents a seasonal variation; that is, it varies 
between a minimum value compatible with a meteoritic origin (»10) and a maximum 
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value compatible with a terrestrial source (40 to 50) . These measurements 
imply two different origins for the alkalis in the upper atmosphere: meteoric 

and terrestrial. Measurements of this abundance ratio at different latitudes 
could confirm this hypothesis because it is assumed that the terrestrial source 
of sodium is due to the vertical transport of salt particles at high latitude 
during stratospheric warming. 

Such an experiment can be performed with a laser pumping two different 
dyes using a technology which is well developed now and is already used on the 
ground. The performance of both detectors, even though degraded by an order 
of magnitude for K, is sufficient to satisfy the science requirements. In a 
later stage, it would be possible to extend this study to other metals and 
alkalis such as Mg, Li, Ca, Fe, etc. 

Simultaneous observations of metallic atom, ion, and oxide distribution . - 
The equilibrium of metallic constituents from either terrestrial or meteor itic 
origin (or from both origins) is regulated by photochemistry, photoionization, 
and dynamics. The neutral species are subject to ionization and oxidation 
occurring at the top and at the bottom of the neutral layer, respectively, and 
vertical distribution of the neutral constituent. The presence in the atmo- 
sphere of a specific constituent can be better traced if it is possible to 
observe simultaneously the atom, the ion, and the oxide of the same metal. 
Vertical profiles and latitudinal distribution will provide valuable informa- 
tion on sources and sinks, as well as on thermospheric and ionospheric 
circulation. 

Two sets of metallic constituents could be traced with the available tech- 
nology: Mg, Mg'*", and MgO; Fe, Fe"*", and FeO. 

The presence of Mg'*" at the level of the E- and F-layers would be of par- 
ticular interest, as mentioned in scientific objective 5 in the study of iono- 
spheric plasma dynamics. 

Global distribution of atomic oxygen between 80 and 150 km .- The importance 
of measuring atomic oxygen and, mainly, its vertical profile to understand the 
oxygen cycle and the relative role of photochemistry and diffusion was previ- 
ously mentioned in the general statement. Such a study, will be more valuable 
if molecular species such as O2, N2, or even O3 and OH could be performed simul- 
taneously either by active or passive techniques. Lidar offers the only way to 
obtain a global map of the altitude distribution of atomic oxygen. At this 
stage, it requires laser development in order to be able to make this measure- 
ment (Mcllrath et al., 1979). Potential solutions are in view; and such a pos- 
sibility, even not available for the first missions, should be considered. 

The scientific requirements and proposed experiments are summarized as 
follows: 
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Parameter 

Altitude range, km 

Resolution 

Accuracy, percent 

Ax, km 

Az, km 

Scientific requirement 

0 

80 to 200 

500 

5 

10 

Proposed experiment 

0 

80 to 180 

8000 to 300 

3 

10 

Scientific requirement 

OH 

80 to 100 

500 

5 

20 

Proposed experiment 

OH 

35 to 100 

100 during day 

3 

1 

10 


Simultaneous passive experiments required: global coverage of O2, N2f and O3 

in same range of altitude 
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Scientific Objective 7: Magnetospher ic Sun and Weather Relationships 


The purpose of scientific objective 7 is to study the magnetospheric 
aspects related to Sun and weather relationships. 


Introduction 

The subject of a possible relationship between solar activity and meteoro- 
logical variables has intrigued scientific investigators for many years. A 
recent report [shapley and Kroehl, 1979] lists over 1300 references to rela- 
tively recent papers alone. Unfortunately, it is difficult to test such rela- 
tionships with certainty because of the high level of random variability in 
the meteorological quantities of prime concern and the relative infrequency of 
large solar events. 

Modern interest in the subject dates from the work of Roberts and Olson 
(1973a and 1973b) when they introduced the vorticity area index and showed a 
correlation with geomagnetic activity. Wilcox et al. (1973 and 1974) showed 
how the index that represents the area of most intense vorticity in troughs 
in the Northern Hemisphere north of 20°N reaches a minimum about a day after 
a sector boundary crossing, which is a well-defined solar-terrestr ial event. 
(See fig. 1.) These data have been reanalyzed by Shapiro (1976) and by Hines 
and Halevy (1975) with the conclusion that the association, while not as great 
as first suggested by Wilcox, does appear to be real. 

The influence of solar activity on weather has been viewed with skepticism 
in the absence of widely accepted physical mechanisms. At two conferences in 
1978 (Yosemite, California, February 8-11; Columbus, Ohio, July 24-28), the 
merits of various mechanisms have been debated at length. None has prevailed 
up to now, through the lack of evidence establishing the intermediate links in 
the causative chain. It is therefore important to study possible mechanisms 
for solar effects on weather in as quantitative a manner as possible so that 
those mechanisms that are not found to be viable can be discarded. 

The relationships between solar disturbances and changes in atmospheric 
structure are best studied by prolonged observational programs involving geo- 
stationary satellites, for instance, rather than by experiments on relatively 
brief sortie missions. However, there are several magnetospheric aspects which 
involve the processes by which the energy is deposited in the atmosphere, where 
a lidar experiment may play a significant role, if accompanied by an extensive 
supporting program of ground, rocket, and balloon measurements. The probable 
availability of the Upper Atmosphere Research Satellite during at least some 
of the lidar missions offers the possibility of extending in time some of the 
global measurements associated with this problem. 


Possible Mechanisms 

There is no lack of suggestions as to ways in which short-term solar vari- 
ability may affect the atmosphere. They include those mechanisms in which solar 
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effects on the thermosphere are transmitted to lower levels and those in which 
the troposphere or stratosphere is affected directly. 

Roberts and Olson (1973a) suggested that penetrating ionizing radiation 
might produce ions in the middle atmosphere that could form condensation nuclei 
and produce subvisible cirrus, which would then affect the radiative balance 
and hence the vorticity. Lidar measurements could play a key role in testing 
this idea. 

Another possibility would arise when energetic particles are deposited in 
the high-latitude thermosphere and produce strong heating which excites a dis- 
turbed thermospheric wind field. This disturbed wind field will couple with 
the ionization present throughout the thermosphere and with the Earth's mag- 
netic field and will produce electric fields and currents that are character- 
istic of the disturbed dynamo current system. This same electric field is 
responsible for the magnetospheric convection of ionization and of trace con- 
stituents such as metal ions deposited by meteor trails in the lower thermo- 
sphere. It is further known from balloon measurements that these magnetospheric 
electric fields are conducted into the stratosphere; and it is possible that 
they may produce nucleation effects, having implications for the energetics of 
the troposphere-stratosphere system. It is also possible that their disturbance 
of the normal global stratospheric current system may impinge on thunderstorm 
electrification and therefore indirectly on cyclogenesis. 

It seems unlikely that the dynamic effect of the disturbed circulation 
would penetrate to lower altitudes, as the energy fluxes involved are quite 
small compared with those required to affect the stratosphere or troposphere. 

A final thermospheric effect that might be relevant is the augmentation 
of minor thermospheric species such as nitric oxide by particle input. Such 
constituents can make their way into the mesosphere where they may well pro- 
foundly affect the chemistry of other constituents such as ozone. Thermal per- 
turbations will result from changes in absorption of near-ultraviolet radiation 
by the ozone, and these thermal effects may impinge on the transmission or 
reflection of tropospher ically generated planetary-wave propagation through the 
mesosphere. For example, a reflected planetary wave has a large energy content 
in the mesosphere and might have a significant effect on cyclogenesis when it 
reappears in the upper troposphere. 

As far as those effects involving the troposphere or stratosphere directly 
are concerned, most of these involve ozone in one way or another. Enhanced 
fluxes of solar protons associated with solar-wind sector boundaries can pro- 
duce strong enhancements of the ozone layer; these will be quite nonuniform 
over the globe and will produce strong dynamical effects. Excess absorption 
of solar ultraviolet radiation will produce thermal forcing of stratospheric 
planetary waves whose energy may suffice to perturb the lower stratosphere 
sufficiently to affect synoptic-scale processes. An alternate suggestion is 
that short-term changes in the composition of solar near-ultraviolet radiation 
may change the ozone layer and produce a similar forcing effect. 

A final direct effect on the stratosphere may be the energetic particle 
effect on its ionization content, and therefore its conductivity. Through the 
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current system associated with the fair-weather electric field mentioned above, 
this may again affect thunderstorm electrification processes. This does not by 
any means exhaust the list of suggested mechanisms, but suffices to show the 
importance of measurements of thermospheric and stratospheric chemistry and 
dynamics. 


Magnetospheric Convection Patterns of Mg"*" 

One tracer for the electric-field pattern in the low-altitude magnetosphere 
is the distribution of alkali metals such as Mg'*". These are convected from the 
low-latitude E-region to much higher altitudes and latitudes, where they have 
been seen by satellite probes [Hanson and Sanatani, 1971] and by ultraviolet 
photometry of their resonant fluorescence in sunlight [Gerard, 19761. The 
lidar (experiment 8) is capable of observing these metals, and the orbit- to- 
orbit change in their distribution will give a measure of the magnitude and 
variability of the electric fields. 

Correlative measurements include in situ measurements of the field from 
satellites, measurements of the field in the stratosphere from balloons, the 
magnetic variations at ground level arising from the ionospheric current sys- 
tem, and incoherent scatter measurements at several latitudes of the iono- 
spheric drift velocity. 


Chemical Coupling From Thermosphere to Mesosphere 

Large amounts of nitric oxide are known to be produced in the auroral zone 
during intense auroral activity (such as that associated with a substorm) . This 
long-lived constituent is carried to lower latitudes and down into the D-region, 
where it is thought to be responsible for the "winter anomaly" in D-region ion- 
ization. The catalytic destruction of ozone by nitric oxide may be one link in 
the chain by which atmospheric dynamics is finally affected. 

Nitric oxide has been observed by resonance fluorescence in the ybands 
both by rocket and by satellite; however, the former lacks horizontal coverage 
while the latter is incapable of producing an accurate vertical profile because 
of Rayleigh scattering and other effects. An ultraviolet lidar (experiment 25) 
would provide new results on the association of the global spread of nitric 
oxide with substorms and sector crossings, particularly in conjunction with 
ground and rocket measurements of the D-region. Mesospheric temperatures 
measured by a sodium lidar (experiment 14) would show resultant thermal 
perturbations . 


Ozone Heating Effects on Circulation 

Changes in the circulation of the atmosphere are usually associated with 
the forcing of planetary waves or tides, depending on the global nature of the 
change. Ozone heating can produce such changes at high altitudes, which commu- 
nicate kinetic energy downwards into the lower atmosphere, perhaps by modifying 
either the polar night jet or the propagation of planetary waves from the 
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troposphere. Here, measurements by lidar of the atmospheric and thermospheric 
velocity field, using aerosols (experiment 20) and sodium (experiment 14), for 
example, should show the propagation processes at work. The temperature field 
should be mapped simultaneously; and meteorological rockets, meteor radars, 
partial-reflection drift experiments, and mesosphere/stratosphere/troposphere 
(MST) VHF radars will supplement conventional rawinsondes to give the atmo- 
spheric state on a coarser scale for comparison. Measurements by lidar of 
ozone and other constituents by DIAL (experiment 18) or occultation (experi- 
ment 13) would be needed to evaluate the ozone coupling effect. 

The following table summarizes the '^requirements for scientific objective 7: 


Parameter 

Altitude range, km 

— 

Ax, km 

Az, km 

Accuracy 

Experiment 

E 

100 to 500 

200 

20 

1 mV/m 

8, 11 

NO 

60 to 150 

200 

5 

20 percent 

13, 25 

NO 

^25 to 150 

200 

5 

20 percent 

13, 25 

Vx 

60 to 150 

200 

10 

10 m/s 

14 

Vx 

t»80 to 150 

500 

20 

20 m/s 

14 

0 

100 to 200 

500 

10 

10 percent 

26 

O3 

30 to 90 

200 

5 

10 percent 

12, 13 

T 

50 to 150 

1000 



5 

10 K 

14 


^During polar-cap absorption event, 
during geomagnetic disturbances. 
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Days from sector boundary 

Figure ^ Average response of vorticity area index to solar 
magnetic sector structure during winter period. Sector 
boundaries were carried past Earth by solar wind on day 
zero. (From Wilcox et al., 1974, courtesy American 
Meteorological Society) 



CANDIDATE SHUTTLE LIDAR EXPERIMENTS 


A set of representative experiments for a Shuttle atmospheric lidar system 
is described in this section. This set of experiment descriptions is intended 
to satisfy two objectives. The first objective is to set forth specific mea- 
surements that address the science objectives given in the preceding section, 
with each measurement documented in enough detail to establish its relative 
degree of feasibility, probable measurement accuracy, and particular contribu- 
tions to the relevant science objective. The second objective is to establish 
a hardware envelope for the Shuttle lidar that will permit high-confidence 
operation for those measurements whose operation is well defined and will also 
provide the growth potential for the generations of lidar measurements whose 
techniques are still under development. In accordance with these objectives, 
a wide range of experiments has been included, from the simple and reliable 
experiments to those that are more complex and challenging. 


Feasibility Rating 

Because heavy emphasis was placed on obtaining a realistic assessment of 
space-borne lidar potential and because lidar is still an emerging technology 
whose techniques are changing rapidly, a rating system was developed to reflect 
both the degree of hardware complexity involved in an experiment and the degree 
to which the measurement concept has already been proven in field operation. 
This rating system is discussed here because the experiments are listed in 
order of decreasing feasibility. 

Each experiment has been assigned a feasibility rating containing a 
numerical and an alphabetical descriptor. The numerical descriptor (indi- 
cating probability of success) has been determined primarily by the depth of 
prior hardware experience, and the alphabetical descriptor (indicating com- 
plexity) has been determined from the hardware complexity or size, which ulti- 
mately bears on the cost of the experiment. The experiment feasibility ratings 
are tabulated as follows: 

Success probability ; 

1 High confidence; Field experience with actual hardware usually 
including aircraft flight experience; well-developed analytical 
techniques 

2 Good confidence; Limited field experience with prototype hardware; 
straightforward development needed in experiment and/or analysis 

3 Medium confidence; Demonstrated potential in laboratory; no field 
experience; no major anticipated obstacles although substantial 
development or proof-of-principle demonstrations needed 

4 Uncertain; Scientifically worth attempting but measurement technique 
is still under investigation; success probability cannot yet be 
assessed 
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Complexity; 


A Least complex, can be done with minimal hardware set 

B Moderately complex, but does not stress Shuttle capability 

C Conplexity near full Shuttle capability, or requires pointing system 

The set of experiments described here spans the complete range of feasi- 
bility. Some of the experiments can be carried out with a very high probabil- 
ity of success because they use flight-proven hardware which has a long history 
of lidar operation and does not stress the Shuttle capabilities. The class of 
experiments next in feasibility and ease of implementation uses less thoroughly 
demonstrated and more complex lidar hardware, such as the frequency-narrowed 
dye laser or a CW OO2 lidar system with heterodyne detection, but can still be 
planned with confidence because of prior ground experience. These experiments 
will provide data of even greater scientific interest and applications utility. 
For some of these experiments, such as those involving UV, the measurement can 
only be made from space. Finally, where the technique is still under develop- 
ment, some experiments are included to indicate the kind of experiments that 
are likely to emerge as Shuttle lidar candidates during the next decade. 


Experiment Evaluation 


In order to assess the value of each experiment in the Shuttle lidar con- 
text, each experiment was evaluated in sufficient detail to make evident its 
probable performance and current level of development. These evaluations in 
their entirety are given in appendix A for each experiment and contain the fol- 
lowing sections; 

Descr iption gives a brief overview of the experiment purpose and technique. 

Implementation contains numerical values of the hardware parameters needed; 
determines the measurement accuracy obtainable with these parameters; gives 
limiting factors, unique features, and supporting evidence for experiment 
viability. 

Feasibility provides rating and rationale for rating. 

Needed Develoiment defines critical areas which must be addressed before 
regarding the experiment as ready for Shuttle use. 

Discussion presents the relation to science objectives, the uniqueness of 
a Shuttle lidar measurement, and particular correlative or supportive mea- 
surements needed. 

One aim of the implementation section was to address the objective of 
defining a Shuttle lidar hardware envelope. The measurement accuracies were 
ccanputed using simulation techniques that have proven accurate in describing 
the actual performance capabilities of existing ground-based and aircraft-borne 
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lidar systems. Many of the simulations were based on a hardware set with the 
characteristics given in the following tabulation: 


Laser : 

1 J/pulse; 10 Hz; 1 5 ns pulse; <0.1 nm line width; 
5-percent amplitude stability 

Ndx2, 30 percent; Ndx3, 10 percent; Ndx4, 6 percent; 
visible dye (D) , 30 percent (0.1 nm) or 10 percent 
(5 pm); UV dye (Dx2, frequency-doubled dye) 

3 percent (0.1 nm) or 1 percent (5 pm) 


CW, low output; line tunable; 1 MHz bandwidth 
Pulsed, 10 J/pulse at 15 Hz; 2 to 3 ys pulsewidth 
with transform-limited bandwidth 

1 m diameter; useful from 0.2 to 1 2 ym; diffraction 
limited at 1 0 yni 

Other simulations did not use the exact laser characteristics given in this 
standard hardware set, but in most cases they can be scaled to be compatible 
with the standard set. Experiments that require lidar capabilities beyond 
those given in the standard set have their additional requirements stated in 
the feasibility section. It should be emphasized that the standard hardware 
set served only as a starting point for Shuttle lidar design and was not opti- 
mized for an experiment or set of experiments. The actual Shuttle lidar hard- 
ware set will be based upon detailed analysis of the needs and scientific value 
of each of the experiments and upon the sequence of their implementation. 

A secondary aim of the implementation section was to serve as a source 
document showing lidar capabilities in the various experiment areas. Simple 
scaling laws can be applied to the measurement accuracies to discover the 
result of performing the experiment with hardware parameters different from 
those assumed in the simulations. 


Nd:YAG 

Nd derivatives 

(energy conversion 
efficiency listed 
as percent of NdtYAG 
energy) 

CO2 

Receiver: 


Experiment Set 


Tabulation 

A condensed list of the set of lidar experiments is given in table I. 
This table shows some of the pertinent details for each experiment, as well 
as giving a cross-reference to the science objectives addressed by each 
experiment . 


Description 

Detailed descriptions of the 26 Shuttle lidar experiments are given in 
appendix A. A brief description of each experiment follows. 
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Experiment 1 : Cloud-top heights .- Measure cloud top heights with lidar 

while co-aligned passive sensors view the same area. Use lidar data to improve 
passive analysis techniques. Accurate measurements of cloud heights are needed 
to assign heights to cloud-motion vectors and to determine emissivities and 
radiation balance. 

Experiment 2; Tropospheric clouds and aerosols .- Measure the presence, 
geometrical profiles, and backscatter ing of thin clouds and aerosols. Convert 
to optical thickness using models and 2X backscatter information. Co-aligned 
Earth radiation budget sensor would measure flux and albedo changes; co-aligned 
passive temperature and humidity sensors would allow assessment of cloud and 
aerosol effects on passive profilers. Data would document the locations and 
extent of aerosol effects and clouds and permit correlation with radiation 
changes detected by passive sensors. This information is essential for verify- 
ing the ability of satellite-borne sensors to monitor aerosol-induced albedo 
changes. The existence of pollution and dust clouds (e.g., Saharan dust) over 
large areas could be monitored and mapped. 

Experiment 3: Cirrus ice/water discrimination .- Two polarization compo- 

nents of the backscattered signal (for a linearly polarized transmitted signal) 
from cloud layers are used to discriminate between spherical water droplets 
and ice crystals in cirrus clouds. These measurements will be very useful 
in ascertaining the radiative transfer characteristics of cirrus clouds. The 
presence of ice-crystal layers admixed with water-droplet layers can lead to 
large errors in the interpretation of current passive radiometric measurements. 

Experiment 4; Profiles of noctilucent clouds, circumpolar particulate 
layers, and mesospheric particulates .- Determine presence, structure, and den- 
sity of noctilucent clouds and particulate layers near the Summer mesopause by 
elastic (Mie) backscatter to evaluate radiative effects of the layers and use 
them as tracers of atmospheric dynamics. 

Experiment 5; Surface reflectance measurements .- Measure surface reflec- 
tance at several wavelengths while Earth radiation budget sensors view the same 
area. This experiment could be coupled with others such as 1 , 2, and 6 , deriv- 
ing surface reflectance from surface-return signal and attenuation corrections. 
In appendix A this experiment has been incorporated into experiment 2. 

Experiment 6 : Stratospheric aerosol backscatter profiles .- Measurement 

of stratospheric aerosol from orbital altitudes using particulate backscatter- 
ing at wavelengths of 530 run and 1 060 nm in order to obtain global-scale 
information on their distribution. These data are important because of their 
potential effect on the Earth's climate and environment and on passive 
O 3 measurements . 

Experiment 7: Alkali-atom density profiles .- Determine altitude profiles 

of the free sodium atoms in the layer from 80 to 110 km by observation of 
sodium resonance fluorescence excited by a pulsed tunable dye laser. Spatial 
variations in these profiles provide information about circulation, wave 
motions, and diffusion characteristics in the upper atmosphere. Lithium and 
potassium profiles can be determined with the same technique. 
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Experiment 8: Ionospheric metal ion distributions .- Use laser resonant 

scattering to obtain altitude profiles of Mg"'' density from 80 to 500 km to 
study ionospheric irregularities (which affect communications systems) , lower 
thermospheric neutral wind patterns, and general ionospheric circulation pat- 
terns. The technique can also be applied to measurements of ambient Fe"*" and 
Ca+. 


Experiment 9: Water-vapor profiles .- Measure water-vapor profiles in 

the troposphere using the 720 or 820 nm bands of H2O, or in the region of the 
tropopause and lower stratosphere using the 940 nm band, with a differential 
absorption technique (DIAL) . Demonstrate that lidar can meet accuracy and 
resolution requirements for GARP and NASA climate plan and can assess H2O pro- 
files and transport over large land and sea areas for which evaporation is 
important. Water-vapor total burden can be obtained using ground reflection. 

Experiment 10: Atmospheric species measurements using CW/IR laser ground 

and cloud returns .- Measure concentrations of a variety of species such as O3, 
H2O, NH3, the CFM's, CCI4, C2H4, and C2H3CI using CO2 lasers; or CH4, CO2, N2O, 
CO, and HCl with other IR lasers (doubled CO2, CO, etc.) . Species total bur- 
dens in the troposphere and stratosphere and species profiles with 3 to 4 km 
vertical resolution would be obtained using reflection from the Earth's surface 
and from clouds. The experiment offers a large potential for growth in atmo- 
spheric species measurements since the infrared is richer in molecular absorp- 
tion spectra than the UV or visible. This approach would address a variety of 
needs in species transport, source and sink studies, meteorology, and environ- 
mental quality. 

Experiment 11; Chemical release diagnosis .- Use laser resonant scattering 
to measure motion, internal structure, and dissipation of artificial chemical 
releases (e.g., Na, Ba, and Ba"*") for diagnosis of ionospheric fields and 
dynamics. 

Experiment 12: Stratospheric ozone concentration profiles .- Measurement 

of stratospheric ozone concentration between 15 and 50 km using differential 
range absorption techniques at UV wavelengths in order to provide global-scale 
information on ozone vertical distribution. Data address a number of science 
objectives in the climate and environmental areas. 

Experiment 13; Upper atmospheric trace species measurements using two- 
satellite occultation .- Trace species having absorption bands in the 3.5 to 
15.0)im region are measured with high accuracy, day or night, by direct absorp- 
tion of IR laser radiation transmitted between two satellites. Typical species 
include O3, CIO, CIONO2, H2O, H2O2, the CFM's, C2H3CI, C2H4, CCI4, HNO3, NH3, 
etc. Use of a retroref lector or detection system on the "passive" satellite 
allows highly sensitive measurements over long path lengths. Such measurements 
are important in providing data for evaluating stratospheric/mesospheric models 
and in studying the coupling of dynamical, chemical, and radiative processes. 
Laser power requirements are low since a cooperative target is used, and a 
variety of tunable lasers may eventually be used to reach nearly all desired 
species . 
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Experiment 14; Sodium-layer temperature and winds .- Doppler sensitive 
detection of the resonance backscattered signal frcm the Na layer near 90 km 
to determine the altitude distribution of sodium, its temperature, and winds 
in the sodium layer. Nighttime and daytime measurements will provide informa- 
tion concerning the dynamics of an important region of the atmosphere about 
which little is known. 

Exper iment 1 5 : Surface pressure and cloud-top pressure and height 

measurements .- Accurate measurement of atmospheric pressure at the Earth's sur- 
face and of pressure and altitude at cloud tops using surface and cloud returns 
of laser radiation tuned to the O2 A-band absorption lines. Surface pressure 
is a fundamental meteorological variable needed in weather forecasting and in 
general circulation models. Cloud-top pressure can also be used similarly. 

Experiment 16: Vertical profiles of atmospheric pressure .- Height- 

resolved tropospheric pressure profiles will be measured using a differential 
absorption method employing larger spatial resolution elements than in experi- 
ment 15. The emphasis in Shuttle measurements will be on testing and refining 
the technique for ultimate operational use. The pressure profile is a basic 
meteorological quantity needed both in weather forecasting and in general cir- 
culation modeling. 

Experiment 17: Temperature profile .- Measure the (height-resolved) tem- 

perature profile in the troposjAiere or in the region of the tropopause with a 
DIAL technique. Demonstrate that lidar can meet the accuracy and vertical 
resolution requirements on temperature profile measurements for the NASA 
climate program and GARP and for stratosphere or troposphere exchange studies. 

Experiment 18: Altitude distribution of atmospheric constituents using 

IR DIAL - Tropospheric profiles of gases such as O3, H2O, NH3, and C2H4, and 
stratospheric O3 profiles, will be measured using differential absorption lidar 
(DIAL) based on scattering of CO2 laser radiation pulses by atmospheric aero- 
sols. Heterodyne detection provides high-detection sensitivity to the 
scattered light and relative insensitivity to daylight background. Knowledge 
of the altitude distribution of O3 will help define the roles of downward dif- 
fusion from the stratosphere and ground-level sources and sinks. Weather fore- 
casting can benefit from information on the vertical distribution of H2O vapor. 

Experiment 19: Cloud- top winds .- Measure the wind at the top of clouds, 

during the day and at night, with an uncertainty in the measurement of ±2 m/s 
by Doppler sensitive detection of cloud-top returns. Both incoherent detec- 
tion of Nd laser radiation and coherent detection of CO2 laser radiation are 
considered. These measurements are important in determining wind components 
in the tropics and other latitudes which cannot be derived from the temperature 
field. 

Experiment 20; Aerosol winds .- Measure the height-resolved wind profile 
between ground and 30 km altitude by Doppler sensitive detection of molecular 
and aerosol- scattered returns at either Nd or CO2 laser wavelengths. This 
experiment will provide the wind field with unambiguous altitude resolution and 
global coverage. These measurements will be important for the study of general 
atmospheric circulation and tropospheric-stratospheric interaction. 
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Experiment 21 : OH density profile between 35 and 100 km altitude .- Deter- 

mine the density of OH in the upper atmosphere by observing remote fluorescence 
from OH excited by a tuned laser with wavelength in the range 280 to 310 nm. 
Because OH is involved in many key chemical reactions and undergoes a strong 
diurnal variation, the measurements will lead to improved chemistry/transport 
models of the upper atmosphere. The OH measurements will also be useful for 
remote sounding of pressure and temperature, given improvements over present 
UV laser power. 

Experiment 22; Simultaneous measurement of metallic atom, ion, and oxide 
profiles .- Use multiwavelength resonant scattering to obtain simultaneous alti- 
tude profiles of Mg, Mg"*", and MgO densities to provide information on the gross 
features of upper and lower thermospheric circulation. 

Experiment 23; Tropospheric NO 2 concentration profile.- Measure tropo- 
spheric NO 2 density between 0 and 4 km and total NO 2 column using DIAL tech- 
niques in the 450 nm spectral region. The total burden measurement assumes 
scattering from the ground. These data are particularly important in ozone 
chemistry. 

Experiment 24; Stratospheric aerosol composition .- Identify the chemical 
composition of stratospheric aerosols using pattern-recognition techniques with 
multiwavelength (infrared) aerosol backscatter ing (DISC differential scatter- 
ing) . This information would be important for determination of the climatic 
and environmental effects of stratospheric aerosols. 

Experiment 25; NO density profiles between 70 and 150 km altitude .- Alti- 
tude profiles of NO will be measured by resonance scattering or fluorescence, 
using a tunable laser which is frequency-doubled into the NO yhands or suit- 
able excimer lasers that may be developed in the future. Demonstration on the 
Shuttle is important for development of global monitoring of NO. The D-region 
of the ionosphere between 70 and 1 00 km altitude is formed largely through the 
ionization of NO by solar Lyman-a radiation. The abundance of NO and its 
transport at higher and lower altitudes are fundamental questions in the phys- 
ics and chemistry of the atmosphere. 

Experiment 26; Abundance and vertical profiles of atomic oxygen .- Alti- 
tude profiles of O will be measured by two-photon fluorescence spectroscopy, 
using very short pulses of tunable radiation at 225.6 nm. Knowing the distri- 
bution of atomic oxygen in the mesosphere and lower thermosphere is essential 
for understanding the photochemistry of oxygen and water and the transport 
processes occurring in the transition from turbulent mixing to diffusive sepa- 
ration. Development and testing of a two-photon method for measuring O from 
the Space Shuttle is an important step toward global measurements of species 
for which standard uv fluorescence techniques will not be applicable due to 
short range extinction. 
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Results 


A comparison of the expected measurement accuracies with the needs given 
in the science objectives shows that lidar is indeed a useful remote-sensing 
tool in space. All of these experiments will provide a valuable data set in 
their own right during a 7 to 30 day sortie mission. In some cases, the data 
set will also increase the utility of ongoing free-flyer passive observations 
of similar phenomena, either by providing truth data or by revealing the extent 
of spatial fluctuations that may restrict the use of the passive data. For 
experiments such as pressure, temperature, and wind measurements, the Shuttle 
lidar observations will serve as the proof-of-principle demonstration needed 
before proceeding to a free-flyer meteorological monitoring system. 

A comparison of the hardware requirements for successful Shuttle operation 
with the current state of the art in lasers, detectors, and telescopes shows 
that lidar is currently ready for Shuttle deployment. No high-risk engineering 
is required for implementation of at least the high-feasibility experiments. 
These high-feasibility experiments will in turn pave the way for more complex - 
but potentially more valuable - experiments, as shown in the following section 
on evolutionary lidar development. 
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TABLE I.- CANDIDATE EXPERIMENTS 


Number 

Feasibility 

Description 

Altitude 
region, km 

Principle 

Laser 

Scientific 

objectives^ 

1 

lA 

Cloud-top heights 

0 to 15 

Elastic backscatter 

Any 

3, 4 

2 

lA 

Profiling of tropospheric clouds and aerosols 

0 to 15 

Elastic backscatter 

Any (0.5 to 2um) 

1,3,4 

3 

IB 

Cirrus ice/water discrimination 

5 to 15 

Polarization sensitive 
elastic backscatter 

Any 

1 , 3 

4 

5 

IB 

lA 

Profiles of nocti lucent clouds and circumpolar particulate layers 
Surface reflectance 

60 to SO 
Ground 

Elastic backscatter 
Surface scatter 

Any (0.5 to 2ura) 
Any 

3, 5 
3 

6 

IB 

Stratospheric aerosol bacKscatter profiles 

10 to 50 

Elastic backscatter 

Any (0.5 to 2ym) 

1 , 2, 3 

7 

2B 

Alkali-atom density profiles 

80 to 120 

Resonant scatter 

Tuned dye 

5, 6 

8 

2B 

Ionospheric metal ion distributions 

80 to 600 

Resonant scatter 

Tuned dye 

6, 7 

9 

2B 

Water-vapor profiles 

0 to 20 

DIAL 

Tuned dye 

1 , 3, 4, 5 

10 

2B 

Atmospheric species measurements using CW/IR laser ground and 
cloud returns 

0 to 30 

Long path absorption 
(column content) 

Line tunable 
CW CO 2 

1, 3, 4 

11 

2B 

Chemical release diagnosis 

90 to 50 000 

Resonant scatter 

Tuned dye 

7 

12 

2B 

Stratospheric osone concentration profiles 

20 to 60 

Differential range 
absorption 

Nd5<4, and/or 
dye 

1 , 2, 3, 7 

13 

2C 

Upper atmospheric trace species measurements using two-satellite 
occultation 

10 to 50 

Long path absorption 

Tunable, 
mainly IR 

2, 3, 7 

14 

3B 

Sodium-layer temperature and winds 

80 to no 

Doppler sensitive 
resonant scatter 

Tuned dye 

5, 6, 7 

15 

3B 

Surface pressure and cloud-top pressure and height measuceiiients 

0 to 10 

O 2 absorption 
(column content) 

Tuned dye 

4 

16 

3C 

Vertical profiles of atmospheric pressure 

0 to 10 

O 2 absorption 
(range resolved) 

Tuned dye 

4 

17 

3C 

Temperature profile 

0 to 10 

Temperature sensitive 
O 2 absorption 

Tuned dye 

1 , 2, 3, 4 

18 

3b 

Altitude distribution of atmospheric constituents using IR DIAL 

0 to 15 

DIAL 

Line tunable 
pulsed CO 2 

1,3,4 

19 

3C 

Cloud-top winds 

0 to 15 

Doppler sensitive 
elastic backscatter 

Any narrowband 

1, 2, 4 

20 

3C 

Aerosol winds 

0 to 25 

coppler sensitive 
elastic backscatter 

Any narrowband 

1, 2, 4, 5 

21 

3C 

OH density profile between 35 and 100 km altitude 

35 to 100 

Resonance fluorescence 

Tuned dye 

2, 5 

22 

3C 

Simultaneous measurement of metallic atom, ion, and oxide profiles 

80 to 600 

Resonant scatter 

Tuned dye 

6 

23 

3C 

Tropospheric NOj concentration profile and total burden of NO 2 

0 to 15 

DIAL 

Tuned dye 

1 

24 

4 

Stratospheric aerosol composition 

15 to 30 

Differential 

scattering (DISC) 

Line tunable 
pulsed CO 2 

1 , 3 

25 

4 

NO density profiles between 70 and 150 km altitude 

70 to 150 

Resonance fluorescence 

Tuned dye 

2, 7 

_!Lj 

4 

Abundance and vertical profiles of atomic oxygen 

80 to 500 

Two-photon fluorescence 

Tuned dye 

6, 7 


^Objective numbers (denote the following: 

'I Global flow of water vapor and pollutants 

2 Stratospheric and mesospheric chemistry and transport 

3 Radiative models 

4 Meteorological data 

5 Upper atmospheric waves 

6 Thermospheric chemistry and transport 

7 Magnetospheric Sun and weather relationships. 
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SHUTTLE ATMOSPHERIC LIDAR PROGRAM EVOLUTION 


The laser-radar technique has an inherent flexibility that allows a lim- 
ited set of hardware components to perform measurements which involve a wide 
height range in the atmosphere and contribute to a diverse set of disciplines - 
It is apparent that many of the specific lidar measurements of interest in the 
late 1980's cannot be foreseen now. Furthermore, the laser and detector tech- 
nology upon which the lidar program can draw is evolving quite rapidly; members 
of the lidar working group have seen new laser sources emerge even during the 
course of their deliberations. Accordingly, it is felt that the hardware 
approach to a Shuttle lidar system should incorporate (1) a building block, 
or modular, approach where the individual lidar components are readily inter- 
changeable and can be replaced as appropriate to changing measurement needs 
and technology developments and (2) an evolutionary approach where the initial 
hardware complement for the simplest early experiments will be augmented by 
subsequent hardware additions to expand the lidar capability for more complex 
and more technologically demanding experiments. This section sets forth the 
considerations which led to the modular, evolutionary Shuttle lidar approach. 

It also describes a model set of hardware and the evolutionary development of 
a capability for performing most of the experiments described in appendix A. 


MODULAR LIDAR APPROACH 

The principal consideration leading to a modular lidar approach is that a 
lidar can quite naturally be divided into distinct components linked by well- 
defined and easily describable interfaces. These components are: the laser 

transmitter, the telescopic return-signal collector, the detector, and data- 
processing electronics. 

The telescopic light collector is physically the largest of the components 
(for the one-meter class telescope being considered here) and has the most 
demanding physical tolerances. Since the telescope can be made in an all- 
reflective configuration capable of handling the complete range of interesting 
wavelengths, from 0.2 to 1 0 ym, it is appropriate to consider the telescope as 
the basic building block around which the other components can be attached. 

The output of the telescope can be configured to accommodate several detectors, 
either simultaneously through beam splitters or sequentially through beam 
switching optics. 

The lasers needed for the measurements described herein fall into two 
classes (1) visible/near-visible lasers based on an Nd laser as the primary 
source and (2) CO 2 lasers. For the Nd-based lasers, the output beam can be 
directed to the lidar target through an auxiliary set of transmit optics. The 
CO 2 lasers will most likely be operated in a heterodyne configuration for max- 
imum sensitivity with the lidar transmitter and receiver beams sharing the same 
set of large-aperture main-telescope optics. In either case, the interface 
between the laser and collector can be designed to accommodate a wide range of 
laser variants. 

The detectors in the visible and near visible are mainly of the photomet- 
ric type, where a change of photomultiplier and prefilter, leaving the detector 
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optics and housing unchanged, is all that might be necessary to change from one 
wavelength to another. Special-purpose visible detectors, such as the sodium 
absorption cell for mesopause temperature measurements and the Fabry-Perot 
detector for wind and temperature measurements, can be designed to use the same 
telescope optical output configuration as the photometric type of detector. 

For the (X>2 laser experiments, the heterodyne detectors will most probably be 
built into the laser itself, with the laser and detector sharing the telescope 
optics through a special port. 

The data-acquisition electronics for all of the photometric detectors are 
basically similar, having parallel analog-to-digital current mode and photon- 
counting mode capabilities to handle the wide dynamic range of a lidar return 
signal. Most of the measurements described herein require such a capability, 
often for two or more wavelengths simultaneously. The special-purpose detec- 
tors, visible Fabry-Perot and heterodyne, have their own data-processing 
requirements but eventually produce a serial data string for each lidar pulse 
that must be entered into the data-recording medium. The data volume varies 
from one experiment to the next, but a general-purpose processor can be 
designed that will handle all the different types of experiments. 

The modular approach permits a flexible assembly of hardware for any given 
mission, because only those laser and detector components needed for a particu- 
lar set of measurements need be attached to the receiver. Such a flexibility 
can result in considerable weight, power, and integration cost savings in the 
lidar payload for each individual mission. 


EVOLUTIONARY LIDAR APPROACH 

The principal consideration leading to an evolutionary approach to the 
Shuttle lidar design is that a very simple set of hardware can be used for the 
early measurements and then be supplemented with additional components to pro- 
vide a capability for the more complex measurements. Such a design approach 
also provides a capability for incorporating advances in laser and detector 
technology into the lidar program. These advances might provide an improved 
capability for existing measurements or may extend the lidar capability into 
new areas. 

A good example of this progressive hardware implementation is with the Nd 
laser and its derivatives. A basic Nd laser source with a photometric detector 
will provide valuable data on atmospheric clouds and aerosols. The capabilities 
of that laser can then be augmented by adding crystal doublers, triplers, and 
quadruplers to the beam path providing a wavelength set for more detailed aero- 
sol data and data on high-altitude ozone distributions. The doubled, tripled, 
or quadrupled output can then be used to pump a tunable dye laser for most of 
the resonant-scatter and differential-absorption measurements listed herein. 

An especially attractive feature of the evolutionary approach is that the 
set of hardware needed for the more complex measurements can be tested during 
a mission devoted primarily to acquiring a data set for a simpler experiment. 

For example, the tunable dye laser to be used for sodium-layer measurements can 
be flown on a mission whose primary objective is acquiring two-color (Nd and 
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doubled Nd) aerosol data, with the dye laser performance being tested in the 
space environment during a small fraction of the lidar operational time. If 
the dye laser does not perform as well as expected, changes can then be made 
before a flight dedicated to sodium-layer data acquisition. Furthermore, if 
the dye laser hardware fails during a future sodium-layer mission, the fall- 
back position of acquiring aerosol data is readily available. Such an 
approach also means that operational experience can be gained while useful 
data are being acquired with a simple set of hardware, before the more complex 
hardware is used. 

Another evolutionary process involves the CO2 lasers and other infrared 
lasers for the detection of particular chemical species in the atmosphere. 
Continuous CO2 lasers may be used initially for the detection of ozone and 
water vapor, with some height resolution, on a global basis; and with this 
capability will come the ability to detect other trace species such as the 
chlorofluoromethanes, hydrocarbons , nitric acid, etc., which are within the 
tuning range of CO2 lasers. With the advancement of pulsed CO2 lasers will 
come the capability to provide much better vertical resolution for species 
detection. Further developments of tunable lasers in other wavelength 
regions, which may involve CO2 lasers as pump sources, will result in the 
capability to monitor a wide range of atmospheric species of interest. 

When the complete set of lidar hardware is available, mission planners 
will have a great deal of flexibility in scheduling lidar operational time for 
quick-reaction response to sporadic geophysical events, such as volcanic erup- 
tions which inject a cloud of aerosols into the stratosphere. 

An especially complex consideration in the lidar-development schedule 
revolves around the question of when and how to include a flexible pointing 
capability in the hardware complement. While most of the lidar measurements 
can be performed with the system strapped down to the orbiter, it will eventu- 
ally be desirable to have a fully steerable system. Vector wind measurements, 
chemical release tracking, and long-path-absorption limb measurements using a 
subsatellite retroref lector are some of the measurements needing various deg- 
rees of pointing capability. The lidar can be designed for hardware compati- 
bility with the instrument pointing devices under consideration for Shuttle 
use. 


EVOLUTIONARY FLOW 

A model for the possible evolutionary flow of lidar experiments has been 
constructed to illustrate the evolution of a Shuttle lidar program. It should 
be emphasized that this model is intended only as a guide to the process and 
not as a measure of what the ultimate lidar scenario should be. A number of 
the assumptions used in deriving this model are listed as follows; 

The choice of experiment on any mission would be guided by 
scientific value to the mission and by probability of success 
with increasing emphasis on the former as the program matures. 
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A schedule of equipment and experiments would be sought such that 
each experiment would add capability to the overall system by 
building upon the equipment and techniques proven in previous 
experiments. 

Experiments involving the more sophisticated wave length- shifting 
devices would be tested in flight before becoming primary 
objectives . 

The lidar system would include primary laser sources, several 
derivative devices for wavelength shifting (doubling crystal, 
dye laser, etc.), a large receiver telescope, and several 
detector packages. 

The first laser modules would be 

Nd 1 joule per pulse and 10 pps at 1.06 ym; twice 

diffraction limit; capability for doubling 
(30-percent conversion of 1 .06 energy) , 
tripling (10-percent conversion of 1.06 ym 
energy) , and quadrupling (6-percent conversion 
of 1.06 ym energy); provision for narrowing 
1.06 ym output to 0.1 pm (not necessarily 
implemented in initial stages) 

Dye Nd pumped; goal of 1 pm line width at 600 nm 

with 25-percent conversion efficiency of 
530 nm pump energy; dye doubling (20-percent 
conversion of dye energy) 

C02(T) CW lasers with 10 W output each; 1 MHz band- 

width and stability for heterodyne detection 

002(2) Pulsed laser; 10 J at 15 pps; transform-limited 

spectral width at 2 to 3 ys pulse length 

The telescope would have aim diameter primary, all reflecting 
optics useful from 0.2 to 12 ym, diffraction-limited operation 
at 10.6 ym, and would be rigidly attached to the Shuttle platform 
for initial experiments. 

Table I shows a sample sequence of experiments based on the Nd laser, 
with the lidar capabilities evolving from Nd and doubled Nd measurements of 
atmospheric particles and albedo to the short wavelength (200 to 225 nm) 
measurements of NO and O atoms. Table II presents a similar flow for experi- 
ments using CO 2 lasers as they might evolve from CW experiments involving 
tropospheric species or from measurements of upper atmospheric minor species 
(using two-satellite occultation) to wind and DIAL species-profile measurements 
using high-energy pulsed CO2 lasers. 
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TABLE I.- SAMPLE EXPERIMENT FLOW FOR Nd SYSTEMS 


Exper iment 



Measurement 

Laser 

Comment 

1 to 6 

Atmospheric particles, reflectivity 

Nd, Ndx2, Ndx3 


12 

Stratospheric O3 profiles 

Ndx4, Ndx2^Dx2 


7 

Na profile 

Ndx2^D (»1 to 5 pm) 


14 

Na profile, T 

Ndx2>D (5 pm) 

(a) 

11 

Chemical release (without pointing) 

Ndx2->-D (1 to 5 pm) 

(b) 

8, 21 

Mg"^ and OH profiles 

Ndx2>Dx2 (0.5 pm) 


14 

High altitude T and winds - Na 

Ndx2>D (5 pm) 

(c) 

19, 20 

Winds - troposphere/low stratosphere 

Nd (0.1 pm) 

(c) , (d) 

9, 15 to 17 

Tropospheric H2O, T, and pressure 
(surface pressure and profiles) 

Ndx2->-D (3 pm) , 
2 wavelength 


23 

Tropospheric NO2 burden and profile 

Ndx3-*’D, 2 wavelength 


9 

H2O profile into lower stratosphere 

Ndx2->-D (^1 pm) , 
2 wavelength 


22 

Mg/Mg"''/MgO 

Ndx2->-Dx2 (0.5 pm), 
multiwavelength 


25 

Upper atmospheric NO profile 

Ndx3-*-Dx2 (0.5 pm) 

(e) 

26 

Upper atmospheric 0 atom profile 

Ndx3-»-Dx2 (0.5 pm) 
or excimer 

(f) 


^Requires absorption cell or multispectral detection. 

*^Capability would exist, but coordination with release required. 
^Requires pointing information accurate to 1 arc min. 

^Depends upon successful Nd line-narrowing. 

^Capability would exist but would be greatly enhanced by excimer laser. 
^Same as (e) with addition of mode-locking capability. 
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TABLE II.- SAMPLE EXPERIMENT FLOW FOR CX>2 SYSTEMS 


Exper iment 

Measurement 

Laser 

Comment 

10 

Trace species in troposphere and lower strato- 
sphere (total burdens, rough altitude profiles) 

CW CO 2 

(a) 

13 

Trace species profiles in stratosphere and 
mesosphere 

CW CX>2 

(b) 

00 

Atmospheric particles; trace species profiles in 
troposphere and lower stratosphere (DIAL) 

Pulsed CO 2 


19, 20 

Winds - troposphere and lower stratosphere 

Pulsed CO 2 

(c) 

24 

Stratospheric aerosol composition 

Pulsed CO 2 



^Altitude profiling requires multiple wavelengths or spectral tuning. 
*^Capability exists, but a subsatellite and pointing (»2 -*■ 10 yrad 
accuracy) are required. 

^Requires pointing information accurate to 100 yrad. 
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DESCRIPTIONS OF SHUTTLE BORNE LIDAR EXPERIMENTS 


Appendix A outlines each of the 26 candidate Shuttle borne lidar 
experiments . 


Experiment 1 ; Cloud-Top Heights 

Description .- Measure cloud-top heights with lidar while co-aligned passive 
sensors view the same area. Accurate measurements of cloud heights are needed 
to assign heights to cloud-motion vectors and to determine emissivities and 
radiation balance. 

Implementation .- Standard Nd;YAG laser doubled to 530 nm with 2 mrad FOV, 

0.5 nm FWHM filter, 20-percent quantum efficiency (QE) PMT detector, night or 
day operation. Cloud occurrence is detected by increase of lidar return above 
the ambient signal, and cloud-top height must be defined in terms of some pre- 
determined threshold value of intensity level. Very dilute and diffuse cloud 
boundaries will have locations that depend to some extent on the criteria 
employed and the nature of the signal processing involved. 

Figure AT shows expected single-shot measurement errors for a range of 
cloud densities and heights, using 150 m range bins. In the vertical scale 
label, Ng and Ns are the numbers of background and signal photoelectrons 
at the detector. The night curves assume Nb for moonlit cloud (worst case, 

6.1 X 10^ photons/s); the day curves assume sunlit cloud (5.2 x 10^^ photons/s). 
The figure can be used to judge cloud detectability in the following manner: We 

will say that a cloud is detectable when its return signal C exceeds that of 
the nearby clear air A (in the same profile) by the combined, 3a, measurement 
errors. Hence, all clouds for which C - A ^ 3(0^2 +a^2j1/2 gj.g detectable. 
The arrows at the bottom of the figure show the result of solving this equation 
for these minimum detectable cloud strengths as a function of height and back- 
ground light. 

Using the top scale of figure A1 , it can be seen that, for all heights, 
all visible clouds are detectable by night or day. (The distinction between 
visible and subvisible clouds is approximate, but it is based on numerous com- 
parisons of human, satellite, and lidar observations made in the tropics and 
midlatitudes .) 

Feasibility .- 1A. This rating is based on the availability of a large amount 
of experimental field data and the existence of good computation models. Hard- 
ware and techniques are well advanced, and confidence for success is very high. 

Needed development .- No significant development needed. Criteria must be 
established for uniquely defining the cloud-top heights, particularly for 
diffuse clouds and for spatially inhomogeneous situations. 
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Discussion .- Lidar experiment 1 addresses scientific objectives 3 and 4 and is 
useful as a stand-alone system providing new data with very high spatial reso- 
lution (AZ = 1 50 m; Ax = 1 50 m) . It has the capability to measure clouds night 
and day and well down into the subvisual regime. It can be used with passive 
sensors such as radiometers and stereographic cameras to improve their capabili- 
ties for cloud-height determination and radiation balance analysis. 
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Figure A1 Expected measurement errors for cloud density and height. 
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Experiment 2: Tropospheric Clouds and Aerosols and Surface Reflectance 

Description .- Measure the presence, geometrical profiles, and backscattering of 
thin clouds and aerosols. Convert to optical thickness using models and 2X 
backscatter information. Infer surface reflectance from surface return signal 
and attenuation corrections. Co-aligned Earth radiation budget sensor would 
measure flux and albedo changes; co-aligned passive temperature and humidity 
sensors would allow assessment of cloud and aerosol effects on passive pro- 
filers. Data would document the locations and extent of aerosols and clouds 
and permit correlation with radiation changes detected by passive sensors. 

This information is essential for verifying the ability of satellite-borne 
sensors to monitor aerosol- induced albedo changes. The existence of pollution 
and dust clouds (e.g., Saharan dust) over large areas could be monitored and 
mapped . 

Implementation . - Standard Nd;YAG lidar operating at both 530 nm and 1060 nm 
with 2 mrad FOV, 2 PMT detectors (20-percent QE at 530 nm; 2-percent QE at 
1060 nm) . Third harmonic at 350 nm would also be useful though not essential. 
Night or day operation. Data system capable of generating spatial profile or 
return with height resolution of about 150 m. Some simulations are available 
and sample results are shown in figure A2 (lidar at 180 km, 0.1 J, Rayleigh 
atmosphere only) for expected single-shot errors. Simulations under develop- 
ment to include tropospheric aerosols, higher laser energy and multishot 
averaging show greatly improved signal to noise. System will be limited by 
signal levels for very low-density aerosols and clouds, and signal measurement 
errors will be a limiting factor. Achieving +20-percent accuracy in conversion 
to optical thickness will be difficult a priori but will be aided by 2k back- 
scattering measurements. Since aerosol optical thickness is very poorly known 
at most global sites, and since this is a fundamental parameter in aerosol 
radiative models, even this limited accuracy will be very useful in many 
applications . 

Feasibility .- 1A (530 nm) , IB (1060 nm) . Experiment design information is 
available, and a moderate amount of ground-based field data is available in 
the visible region of the spectrum. The requirement for good range resolution 
at very low-signal levels increases the difficulty. 

Discussion .- This experiment addresses scientific objectives 1, 3, and 4. At 
present, no other spaceborne system exists for measuring the full spatial dis- 
tribution of subvisual tropospheric clouds and aerosols. Such data are vital 
for a more quantitative understanding of the radiation budget and of the opera- 
tion of currently used passive sensors. In addition, monitoring the motions of 
the aerosols and clouds provides information on atmospheric transport and mix- 
ing processes. 

Aerosols and thin clouds are currently being measured from space by three 
passive methods: (1) thermal emission from the atmospheric limb, (2) inten- 
sity and polarization of scattered solar radiation, and (3) solar occultation 
measurement of atmospheric extinction in the limb viewing orientation. These 
techniques offer less spatial resolution in both vertical and horizontal direc- 
tions compared to the lidar. In addition, the limb viewing mode restricts the 
observation times and conditions. This is especially true in the troposphere 
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where the limb viewing mode is usually blocked by clouds. Lidar offers cap- 
ability not only for wide coverage in space and time but also the ability to 
probe between thick clouds and quantitatively measure subvisible aerosol and 
cloud features. The range resolution capability of lidar will also permit use 
of the ground return signal to obtain additional information on atmospheric 
extinction and surface reflectance characteristics. 
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Figure A2.- Relative error in measurement of lidar signal for pure Rayleigh 
scattering (no particle) atmosphere. Same system parameters and back- 
ground as given for experiment 1. 
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Experiment 3; Cirrus Ice-Water Discrimination 

Description .- Two polarization components of the backscattered signal (for a 
linearly polarized transmitted signal) from cloud layers are used to discrim- 
inate between spherical water droplets and ice crystals in cirrus clouds. 

These measurements will be very useful in ascertaining the radiative transfer 
characteristics of cirrus clouds. The presence of ice-crystal layers admixed 
with water-droplet layers can lead to large errors in the interpretation of 
current passive radiometric measurements. 

Implementation .- Standard NdtYAG lidar (530 nm) with 1 mrad FOV, and a linear 
polarized output (to at least one part per thousand) . One-meter receiver, 
with two-channel polarizing optics, possibly in the form of a polarizing beam 
splitter to monitor the components parallel and perpendicular to the direction 
of the transmitted linear polarization. Measurement requirements are similar 
to those involved in experiments 1 and 2 except that a two-channel receiver is 
required for the two polarization components. (These must be measured simul- 
taneously.) Ground-based measurements indicate that the cross-polarized signal 
will typically have a magnitude of about 0.3 times the parallel polarized sig- 
nal. (See fig. A3.) The vertical resolution required would be of the order of 
150 m. This experiment would probably be best flown in conjunction with other 
passive systems for measuring cloud properties. There is some uncertainty with 
the backscatter cross sections for the various ice crystals. 

Feasibility .- IB. This experiment involves well-developed systems and tech- 
niques. Polarization requirements increase system complexity somewhat; however, 
all essential features have been demonstrated in ground-based systems. Polari- 
zation characteristics of the transmitting and receiving optics will have to be 
carefully designed and documented. 

Needed development .- Some additional work on ice-crystal scattering is warranted 
to improve the quantitative capabilities of the data. Additional modeling cal- 
culations and measurements with ground-based laboratory and field systems would 
be useful. 

Discussion .- Addresses scientific objectives 1,3, and 4. Such measurements 
could be made with relatively little increase in complexity to the basic 
Shuttle lidar and would provide substantial new information. The data 
obtained is not available from passive systems now on satellites, and the 
measurements from Shuttle would provide broad coverage useful in examining 
the value of such information and the performance of new passive sensors. 

No other technique presently permits the discrimination between ice and 
water in cirrus cloud layers. The lidar will provide this new information 
with excellent spatial resolution in both the horizontal and vertical direc- 
tions (150 m) . The possibility of detecting preferential alignments of ice 
crystals via polarization measurements is also available. 
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Experiment 4: Profiles of Noctilucent Clouds, Circumpolar Particulate 

Layers, and Mesospheric Particulates 

Description .- Determine presence, structure, and density of noctilucent clouds 
and particulate layers near the summer mesopause by elastic (Mie) backscatter 
to evaluate radiative effects of the layers and use them as tracers of atmo- 
spheric dynamics. 

Implementation .- Standard doubled Nd:YAG or dye lidar with PMT detection, 
narrow-band receiver, and nadir-viewing geometry. An example of the ability 
of space-borne lidar to characterize the mesopause particulate layer is shown 
in figure A4. The calculations were done with the following lidar parameters; 

Wavelength, 530 nm; laser pulse energy, 0.35 J; receiver diameter, 

1.0 m; receiver detection efficiency (including optics, filter, and 
PMT quantum efficiency) , 0.08; receiver FOV, 0.2 mrad; filter pass- 
band, 0.04 nm; twilight background intensity, 3 x 1 0^ photons nm“^ 
sr“^ s~^ cm“2; Shuttle altitude, 280 km; number of laser pulses 
integrated, 1000 (700 km horizontal resolution at 10 Hz); vertical 
range bin, 5 km 

The assumed particulate backscatter profile is appropriate to the relatively 
weak scatter from a nonvisible particulate layer near, but not in, a nocti- 
lucent cloud deck. Most of the plotted measurement uncertainty is due to 
photon-counting statistics, but a possible 10-percent error in the molecular 
backscatter contribution has also been included. The 10-percent overall mea- 
surement uncertainty is quite good enough to evaluate the gross radiative 
effects of these layers, and the assumed spatial resolution will suffice to 
assess their global morphology. Actual noctilucent clouds, however, as well 
as the intense circumpolar particulate layer observed by OGO-6, have backscat- 
ter strengths higher by one to two orders of magnitude than shown in figure A4. 
This will provide a strong enough signal so that the vertical and horizontal 
extent of the lidar data-integration volume can be substantially reduced from 
the values used in the figure (5 km and 700 km) to values more appropriate to 
the study of wave structures and fine-scale mesopause thermal effects of those 
features («0.5 km vertical and SlO km horizontal resolution with reduced, but 
acceptable, measurement accuracy) . 

High inclination or polar orbits are required because the main circumpolar 
layer is confined to within 1 5° of the summer pole and noctilucent clouds are 
seldom seen more than 35° from the pole. Incoming data will be digitized at 
5 MHz, and greatly compressed over most of the return, except for the 1 to 5 km 
altitude range where the clouds occur. Data will be cataloged by geographic 
location, peak return strength, and along- track duration. 

Useful correlative measurements would include simultaneous lidar measure- 
ments of the sodium layer, low-light-level TV pictures of the layer to document 
the portion probed by the lidar, and photometer observations of OH emissions 
to detect mesopause temperature fluctuations associated with atmospheric wave 
passages. 
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Feasibility .- IB. Requires only low-risk adaptation of existing hardware to 
Shuttle operation. Data quality limited primarily by available power -aperture 
product. Requires high inclination or polar orbit. 

Needed development .- None. 

Discussion .- This experiment directly addresses scientific objective 3 by sup- 
plying data on the opacity of the mesospheric aerosol features and scientific 
objective 5 where the spatial variations in the layers reflected the passage of 
waves. It also indirectly addresses scientific objectives 2 and 6 by document- 
ing the existence of aerosols vrfiich may play an important role in atmospheric 
chemical processes. 

Mesopause particulates, of which noctilucent clouds and the circumpolar 
particulate layer are high-latitude manifestations, occur in a region of dra- 
matic ion-composition change. Their role in heterogeneous chemistry is unknown 
but could be significant. Likewise, the role of the circumpolar layer on the 
climatology of the summer pole is probably significant. More data are needed 
on the density, extent and duration of the layer, and on its impact on meso- 
pause chemistry. The latter objective could be met by simultaneous observa- 
tions of the mesopause particulates and the sodium layer. Wave structures in 
the particulate layers are indicative of the presence of gravity waves and 
hence can be used as a tracer for mesopause dynamics. Because the climatolog- 
ical implications of the layer are addressed by passive sensors. Shuttle lidar 
observations are useful primarily in conjunction with other Shuttle experiments 
(e.g., Na layer measurements) and to achieve the vertical and horizontal reso- 
lution and geographic coverage needed to exploit the layer as a tracer of meso- 
pause dynamics. Since the lidar hardware associated with several other experi- 
ments (e.g., 3, 6, and 7) is capable of providing data for experiment 4, its 
operation should be included in the scenarios of these experiments, especially 
for high-latitude portions of the orbits. 

Lidar can detect these layers in locations that are not sunlit, which pas- 
sive devices cannot do. The superior spatial resolution of lidar (»0.25 km ver 
tical and «30 km horizontal for lidar; «2 km vertical and »300 km horizontal 
for passive devices; for typical circumpolar and noctilucent cloud layers) is 
needed to assess the chemical and local-thermal effects of the layers and to 
use the layers as tracers of atmospheric dynamics. 
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Backscatter coefficient, normalized to Rayleigh scatter 



Figure A4.- Performance calculation for lidar measurement of mesospheric 
particulate layers. (Dashed line gives aerosol backscatter coefficient 
assumed in lidar-per formance calculation, expressed as fraction of 
molecular Rayleigh backscatter at equivalent altitudes using the U.S. 
standard atmosphere; solid line gives percentage uncertainty with which 
that aerosol backscatter profile can be measured for lidar parameters 
given in text.) 
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Experiment 6: Stratospheric Aerosol Backscatter Profiles 

Description .- Measurement of stratospheric aerosol from orbital altitudes 
using particulate backscatter ing at wavelengths of 530 nm and 1060 nm in 
order to obtain global-scale information on their distribution. These data 
are important because of their potential effect on the Earth's climate and 
environment. 

implementation .- Instrumentation includes aim diameter receiver, standard 
Nd:YAG laser operating at energies of 1 J at 1060 nm and 0.35 J at 530 nm with 
10 Hz repetition rate, a 1 mrad FOV, 1 .0 nm FWHM wavelength filter, and system 
optical efficiency of 30 percent and PMT detectors with efficiencies of 20 per- 
cent at 530 nm and 2 percent at 1060 nm. This experiment can be readily per- 
formed from orbital altitudes of 300 km under nighttime viewing conditions. 

Data on aerosol backscattering are retrieved from the measured signal as well as 
from accurate descriptions of the relative contributions from molecular back- 
scattering, lidar normalization, and atmospheric attenuation. Typical uncer- 
tainties in these latter parameters are included in the sensitivity analysis 
shown in figure A5. Assuming background stratospheric aerosol concentrations, 
the simulation indicates that at the peak of the aerosol concentrations (20 km) 
horizontal (along-track) resolutions of 75 km and vertical resolutions of 1 km 
ate obtained with aerosol backscatter uncertainties of 20 percent or less at 
the 1060 nm wavelength (less than 10 percent for 300 km horizontal resolution). 
Aerosol backscatter information at 530 nm is retrieved with greater uncertain- 
ties since errors in the estimates of molecular backscattering contribute more 
significantly to the total error budget at this wavelength. Improvement in the 
accuracy can be obtained by adding the capability for utilizing tripled Nd:YAG 
output to reduce uncertainty in molecular density. Daytime measurements of 
stratospheric aerosols can be obtained with similar accuracies using longer 
integration times. 

Feasibility .- IB. Extensive measurements from existing ground (and airborne) 
lidar systems have clearly demonstrated the capability of quantitatively mea- 
suring stratospheric aerosols. 

Needed developreent .- No significant development needed. 

Discussion .- Detailed information on the spatial distribution and horizontal 
homogeneity of stratospheric aerosols relates to scientific objective 1 for 
stratospheric/tropospheric exchange studies, objective 2 for studies on strato- 
spheric motions, and objective 3 for input data to radiative model calculations. 
Shuttle lidar measurements of stratospheric aerosols provide better horizontal 
resolution than passive sensors, have increased global coverage on the night 
side of the orbit, and provide opportunities for simultaneous tropospheric 
measurements - useful for subsequent stratospheric/tropospheric exchange 
studies. If multiple wavelengths are not available, supporting meteorological 
information on temperature/pressure profiles at the lidar measurement location 
is needed to define the molecular backscatter contributions to the measured 
signal. 
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Figure A5.- Aerosol backscatter ing error. 
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Experiment 7: Alkali-Atom Density Profiles 

Description .- Determine altitude profiles of the free sodium atoms in the layer 
ftcxn 80 to no km by observation of sodium resonance fluorescence excited by a 
pulsed tunable dye laser. Spatial variations in these profiles provide infor- 
mation about circulation, wave motions, and diffusion characteristics in the 
upper atmosphere. Lithium and potassium profiles can be determined with the 
same technique . 

Implementation .- Resonance fluorescence excited using narrow-band frequency- 
tuned dye laser pumped by doubled Nd:YAG laser, with photon-counting PMT 
detection and nadir-viewing geometry. Return signal calculations have been 
performed using the following parameters: 

Wavelength, 589 nm; laser line width (Note 1 ) , «1 pm; laser sta- 
bility (Note 1) , «0.2 pm; laser pulse energy, 0.02 J; laser pulse 
rate, 30 Hz; power consumed, 2 kW; Na backscatter cross section,' 

7 X 10~^3 cm2 atom~^ sr“^ ; receiver area, 10^ cm^; receiver pass- 
band (Note 2), 0.04 nm; receiver detection efficiency, 0.03 
(including optics, filter, and PMT quantum efficiency); receiver 
FOV (Note 2), 0.2 mrad; daytime background, 1.5 x 10^^ photons 
s“^ nm“^ sr~l cm“2 (Note 3); Shuttle altitude, 270 km 

Note 1 : Line width and stability values can be relaxed at the expense of 

a lower return signal and degraded measurement accuracy. The Doppler hyperfine 
sodium line width is «3.5 pm. 

Note 2: The receiver requirements could have been made less demanding for 

the low-background nighttime scenario, actually requiring only a 1 mrad FOV and 
a 1 nm bandwidth filter to achieve the results shown. 

Note 3: This value is 50 percent of continuum because of 0.04 nm filter 

width in Fraunhofer line. 

The results of these calculations, expressed in terms of the amount of signal 
integration required to obtain a ±1 0-percent measurement uncertainty for the 
specified sodium densities, are shown in figure A6. A comparison of the ver- 
tical and horizontal resolutions given in the figure to the spatial character- 
istics of the geophysical processes of interest (gravity, tidal, and planetary 
waves, diurnal variation of eddy-diffusion coefficient) shows the high value of 
such lidar observations. 

High-spatial-resolution measurements would be carried out during succes- 
sive orbital passes through the same orbital interval, and medium spatial 

resolution measurements throughout several complete orbits. All orbit inclina- 
tions are useful, with high-inclination orbits desired in order to gain access 
to the atmospheric perturbations in the auroral zone. The data will be acquired 
at a high rate during the mission and integrated post event to permit whatever 
combination of measurement uncertainty and spatial resolution is appropriate to 
the particular science investigations. 
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Feasibility .- 2B. Extensive ground-based measurements have been successfully 
carried out by several groups. Requires straightforward Shuttle adaptation of 
existing tunable dye laser technology. 

Needed developnent .- None. Dye laser construction will require more effort 
than category 1 experiments, but will not require new technology developnent. 

Discussion .- A study of the sodium layer dynamics addresses scientific objec- 
tive 5, vrtiile a study of the morphology of the layer addresses scientific 
objective 6. Scientific objective 2 is addressed indirectly by this experi- 
ment providing information on large-scale, long-term vertical exchange in the 
atmosphere. The alkali layers are used as tracers of atmospheric dynamics in 
the critical turbopause region encompassing the transition from uniform (eddy) 
mixing to diffusive separation of the atmospheric gases. Observing the devel- 
opment of Na layer irregularities will provide information on the strength, 
movement, and origin of wave processes occurring in the turbopause region. 
Following the diurnal evolution of the topside scale height gives values of 
the eddy diffusion coefficients. Lidar provides the spatial resolution neces- 
sary to observe spatial fluctuations in the sodium layer. Spacecraft give the 
wide geographic coverage needed to define the layer patterns. The same lidar 
could also measure K (at 769.9 nm with 10- times less density than Na) or Li 
(at 670.7 nm with 100 times less density than Na) with degraded resolution. 

The geographic and seasonal variability of the Na/K ratio provides information 
on stratosphere/mesosphere/thermosphere exchange processes. 

Lidar is the only technique for directly measuring alkali-atom densities. 
Dayglow photometer observations are somewhat ambiguous because of the impossi- 
bility of exactly correcting for resonance-radiation effects along the optically 
thick line-of-sight. Nightglow photometers measure only chemically excited 
radiations that are not simply related to sodium densities. Furthermore, the 
superior lidar spatial resolution (»0.25 km vertical and to 10 km horizontal, 
compared to «<2 km vertical and «300 km horizontal for the limb-observing passive 
techniques) is needed to study the spatial effects produced by gravity waves 
passing through the layer . 
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Figure A6.- Vertical/horizontal resolution trade-off for Shuttle lidar measure- 
ments of sodium layer. (Straight lines show trade-off between vertical res- 
olution (range-bin size) and horizontal resolution (along-track integration 
distance) needed to give a ±1 0-percent measurement uncertainty under 
selected observing conditions. Assumed sodium-atom densities are given 
in parentheses.) 
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Experiment 8: Ionospheric Metal Ion Distributions 

Description ,- Use laser resonant scattering to obtain altitude profiles of Mg"^ 
density from 80 to 500 km to study ionospheric irregularities (which affect 
communications systems) , lower thermospheric neutral wind patterns, and general 
ionospheric circulation patterns. The technique can also be applied to mea- 
surements of ambient Fe"*" and Ca"*". 

Implementation . - Doubled narrow-band frequency- tuned dye laser pumped by 
doubled Nd laser, with PMT detection and nadir- and zenith-viewing geometry. 
Return-signal calculations have been performed using the following parameters: 

Wavelength, 279.6 nm; laser line width (Note 1), 0.6 pm; spectral 
stability (Note 1) , 0.1 pm; laser pulse energy, ^0.001 J; laser 
pulse rate, 30 Hz; power consumed, 2 kW; Mg’*" backscatter strength, 

3.4 X 10“^^ cm2 ion“^ sr“^ ; receiver area, 10^ cm^; receiver pass- 
band, 1.5 nm; receiver detection efficiency, 0.02; receiver FOV 
(Note 2), 0.2 mrad; daytime background (Note 3) , 3 x 10^ photons 
nm“^ sr~^ s~^ cm“2. shuttle altitude, 270 km 

Note 1 : Line width and stability values can be relaxed at expense of 

lower return signal and degraded measurement accuracy. Doppler line width of 
Mg"*" ranges from 0.6 pm at 90 km to «1.3 pm in F-region. 

Note 2; Nighttime requirement is less demanding, *>1 mrad FOV. 

Note 3; This value is 40 percent of continuum because of 1.5 nm filter 

width in Fraunhofer line. 

The results of these calculations are shown in figure A7, presented in terms 
of the amount of signal integration required to obtain a ±1 0-percent measure- 
ment uncertainty for representative Mg"*" densities. An examination of this 
figure can give a feeling for which geophysical processes are capable of study 
with the assumed lidar, or, conversely, can reveal areas where the lidar sensi- 
tivity may need to be increased (or can stand to be decreased) based on the 
science objectives of concern. For instance, return signals from a strong 
sporadic E-layer (Mg'*" = 3 x lo^ cm”^) will supply good data on the passage of 
gravity waves with horizontal periods above 50 to 100 km, but a diurnal study 
of the formation phase of these layers (initial densities: Mg'*" < 10^ cm”^ at 

100 to 120 km altitude) with an appropriate spatial resolution («2 km vertical, 

<100 km horizontal) will require a lidar of greater sensitivity. 

All orbital inclinations are useful, but medium inclination orbits may be 
preferred in order to focus on postulated equatorial source regions and latitu- 
dinal structure. Measurements surrounding the period of a meteor shower would 
be especially valuable because of high-signal strength (enhanced Mg’*" densities) 
leading to better measurements of layer dynamics. Repetitive measurements in 
the same location on successive orbits are desirable. The data will be cata- 
logued by geographic location and peak return strength and archived after com- 
pression in regions of low return. 
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Feasibility .- 2B. The required laser technology and the measurement technique 
have been well demonstrated in the laboratory, and by ground-based atmospheric 
measurements on similar species for v^ich the measurement wavelength is not 
absorbed by ozone. Data quality will be limited primarily by the available 
power -aperture product. 

Needed development .- None. The dye laser construction will require more effort 
than category 1 experiments, but will not require new- technology developnent. 

Discussion .- The atmospheric dynamics observed in this experiment address the 
wave motions of scientific objective 5 and the morphological observations con- 
tribute directly to the understanding of thermospheric atomic species being 
pursued in scientific objective 6. The Sun/weather coupling question in scien- 
tific objective 7 is also addressed to the extent that ionosphere/magnetosphere 
plasma motions and electric fields can be determined either directly from the 
observations or by comparing the observations with predictions based on thermo- 
spheric electrodynamical models. High spatial resolution close to the Shuttle 
gives the location, strength, and power spectra of scintillation-producing ion- 
ospheric irregularities. Study of Mg'*" in sporadic E-layers reveals neutral 
wind patterns causing ionization motion in the lower thermosphere. Gross Mg"*" 
structure in the rest of the ionosphere shows plasma circulation patterns (the 
pileup at magnetic latitudes of 8° to 17° is of particular interest). Fe"^ has 
equal scientific value and would be a preferable species to Mg'*' because of its 
higher density but requires more laser development to reach the 259.6 nm oper- 
ating wavelength. Ca'*' (resonance wavelength 396.5 nm) is another ion species 
known to exist in the ionosphere and for which a measurement need may arise. 
Direct observations of thermospheric electric fields can be made by observing 
the E X B velocity of Mg'*' by augmenting the lidar configuration of this 
experiment with the Fabry-Perot detector of experiment 14. 

Competing techniques are rocket- and satellite-borne mass spectrometry and 
dayglow photometry. Although the spatial resolution of the mass spectrometers 
(<100 m) is superior to that of lidar (=1 km vertical, »10 to 50 km horizontal), 
the mass spectrometer techniques give only an in situ measurement, and not the 
instantaneous two-dimensional cross sectional cut given by the lidar, which is 
needed for the thermospheric dynamics studies. Dayglow photometry gives only 
column-content information and is not capable of nighttime measurements when 
much of the ion transport is occurring. 
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Figure A7.- Vertical/horizontal resolution trade-off for Shuttle lidar measure- 
ments of ionospheric magnesium ions. Straight lines show trade-off between 
vertical resolution (range-bin size) and horizontal resolution (along-track 
integration distance) needed to give ±1 0-percent measurement uncertainty 
under selected operating conditions. Assumed Mg+ densities are given in 
parentheses. 
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Experiment 9: Water -Vapor Profiles 

Description Measure water-vapor profiles in the troposphere using the 720 or 
820 nm bands of H 2 O, or in the region of the tropopause and lower stratosphere 
using the 940 nm band, with a differential absorption technique (DIAL) . Demon- 
strate that lidar can meet accuracy and resolution requirements for GARP and 
NASA climate plan and can assess H 2 O profiles and transport over large land and 
sea areas for v4iich evaporation is important. Water-vapor total burden can be 
obtained using ground reflection. 

Implementation .- Standard NdtYAG (doubled) laser pumping near IR narrow-band 
dye laser (0.003 nm) giving pulse energies ranging from 60 mJ at 720 nm down 
to 20 mJ at 940 nm (10 pps) . Overall receiver efficiencies of 10 percent and 
2.5 percent assumed, for 720 and 940 nm regions using near IR PMT's. Nighttime 
operation with 1 mrad POV and 10 nm detection bandwidth (daytime possible with 
0.1 nm bandwidth and 0.1 mrad FOV) . Humidity measurement accuracy dictated by 
vertical range resolution of lidar and total optical energy (number of pulses) . 
Horizontal resolution resulting from pulse accumulation is 40 km (for 720 nm) 
up to 120 km (for 940 nm) . Typical simulation choices for vertical resolution 
are 1 , 2, and 5 km depending, for example, on whether the aim is to resolve the 
lower troposphere into 1 km thick layers or obtain greater accuracy at higher 
altitude by averaging H 2 O over 5 km thick layers. In figure A8 the simulation 
for the 720 nm regions shows expected errors of order 10 percent near 10 km, 
assuming a Az of 2 km and the use of the stronger H 2 O line (dashed curve) . 
Deeper penetration into the atmosphere is obtained using a weaker line so 
that the lower troposphere can be studied satisfactorily with Az = 1 or 2 km 
(solid curves) . Operation near 940 nm with narrower line width (»0.001 nm) is 
needed for better accuracy into the lower stratosphere; e.g., 20 to 30 percent 
for 15 to 20 km altitude. The off-line dye laser for H 2 O DIAL need not be 
tuned and narrowed to the same degree as the on-line laser. 

Feasibility .- 2B at 720 and 820 nm and 3B at 940 nm. Has been demonstrated 
with ground-based lidar at 724 nm; an airborne lidar is being developed for 
this wavelength. Laboratory systems suitable for lidar applications are being 
built and tested at 820 and 940 nm. 

Needed development .- Accuracy of near IR lidar methods can be improved with 
more efficient laser dyes and detectors. A useful development would be to 
design the H 2 O laser for adaptability to pressure and temperature measurements 
near 760 nm (experiments 15 to 17) on the same or later flights. 

Discussion .- Water-vapor lidar data would contribute to objectives 1, 3, 4, 
and 7 through tracing of stratosphere/troposphere exchange processes, by pro- 
viding knowledge needed for understanding radiative processes, and by providing 
inputs for meteorological investigations and forecast model work. Infrared and 
microwave instruments, such as those on Nimbus 7, can obtain some altitude pro- 
file data on H 2 O (e.g., 1 5 to 60 km) and total column content. SME spectrome- 
ters are expected to give H 2 O data between 30 and 70 km. Lidar profiles with 
1 or 2 km vertical resolution in the lower troposphere would surpass present 
passive measurements which are essentially total burden. Present data on 
water-vapor concentrations in the 10 to 18 km region are quite limited, and 
lidar can potentially fill the gap. 
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Figure A8.- Water-vapor lidar from Space Shuttle. Errors in H 2 O vertical 

profile using 720 nm band. 
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Experiment 10 ; Atmospheric Species Measurements - IR Laser Ground 

and Cloud Returns 

Description Measure concentrations of a variety of species such as O3, H2O, 
NH3, the CFM's, CCI4, C2H4, and C2H3CI using CO2 lasers; or CH4, CO2, N2O, CO, 
and HCl with other IR lasers (doubled CO2, CO, etc.) . Species total burdens in 
the troposphere and stratosphere and species profiles with 3 to 4 km vertical 
resolution would be obtained using reflection from the Earth’s surface and from 
clouds. This experiment offers a large potential for growth in atmospheric 
species measurements since the infrared is richer in molecular absorption 
spectra than the UV or visible. Sensitivity for most species mentioned above 
for a system using a CO2 laser is approximately 0.002 atm-cm. This approach 
would address a variety of needs in species transport, source and sink studies, 
meteorology, and environmental quality. 

Implementation CO2 CW lasers operating at several discrete wavelengths, or 
tuned continuously over a characteristic absorption line of the species to be 
measured, would provide concentration data by differential absorption and 
vertical profiling by measured changes in the absorption line shape with pres- 
sure. Profiles with 3 to 4 km vertical resolution can be measured by discrete 
and/or continuous tuning over a major portion of a spectral line. (Line widths 
are typically *<3 GHz near the ground and «750 MHz at the tropopause.) Two 
wavelength (on and off an absorption line) measurements provide total burden 
information. Extrapolation from aircraft measurements already performed to a 

Shuttle borne system (two CW CO2 lasers each with 10 W output power at a spe- 

cific wavelength, laser spectral purity of better than 10 MHz, 1 m diameter 
telescope receiver, IR heterodyne detection) leads to the following simulation 
examples; (1) the lower tropospheric H2O burden can be measured to approxi- 
mately ±1 percent, ( 2 ) the O3 burden in the troposphere can be measured to 
± 0.002 atm-cm (±8 percent of the typical tropospheric burden), ( 3 ) total O3 

burden can be measured to ± 0.003 atm-cm (±1 percent of total burden) . The hor- 

izontal resolution would be 10 km for the tropospheric measurements and 250 km 
for the stratospheric measurements, either night or day. Multiple-wavelength 
pulsed lasers with comparable power, line width, and tunability are being 
developed and would allow extension of this experiment to DIAL measurements 
(see experiment 18 ). The following table shows the expected sensitivities for 
total burden measurements of several species using a CO2 laser system; 


Species 

Sensitivity, atm-cm 

Species 

Sensitivity, atm-cm 

O3 

0.002 

^ 6^6 

0.01 

NH3 

.0002 

CCI3F 

».001 

C2H4 

«.001 

CCI2F2 

.0003 

CCI4 

.002 

C2CI3F3 

«.002 

C2H3CI 

.004 

CH3OH 

».002 

HNO3 

«.001 

C2CI4 

«.001 
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Feasibility .- 2B. This technique has been demonstrated in several successful 
aircraft measurements of O3 in the troposphere, including some which simulated 
a Shuttle mission. These measurements used waveguide CO2 lasers with 1-W CW 
power and <10 MHz bandwidth, in conjunction with IR heterodyne detection. 

Needed development .- 002 ^ lasers with spectral tuning and the stability 
needed for heterodyne detection must be upgraded to 10 to 25 W average power. 
The potential of matrix heterodyne detectors should be investigated. Simula- 
tions for many of the additional species capable of being measured are also 
needed. 

Discussion .- Addresses objectives 1, 2, 3, and 4. The use of CO2 and other 
IR lasers for species measurements is an open-ended area with good growth 
potential because of the rich spectral characteristics of the infrared. The 
experiments discussed here are potentially important as initial steps toward 
pulsed IR DIAL measurements as well as in their own right. O3 measurements are 
important for information on tropospheric oxidant production and transport, and 
for global data on ozone burdens. H2O measurements are important for meteoro- 
logical models and for evaluating passive-sensor data. Measurements of other 
species, such as NH3, the CFM's, and CCI4, are important for understanding 
source/sink processes and the interactions of dynamics, radiation, and chem- 
istry. The satellite data will provide global measurements of numerous species 
with resolution and reliability improved over those of passive or microwave 
techniques. Data processing is straightforward; and for Shuttle measurements, 
the data output will be wide-area maps of species concentrations. Heterodyne 
detecticsi provides a sensitive measure of the backscattered laser radiation 
reducing even full daylight background to levels much smaller than the signal. 

A matrix of individual heterodyne detectors can, in principle, achieve nearly 
full heterodyne detection efficiency when a small transmitting aperture is used 
with a large receiving aperture. This approach may reduce power requirements 
since the full receiver mirror can be used. Averaging over speckle noise is 
accomplished by simultaneous multiple detection. These advantages are accom- 
panied by an increase in detector complexity. 

The measurement of atmospheric constituents using ground and. cloud returns 
of scattered infrared laser radiation provides total burden and some vertical 
profile information over a region from ground level through the troposphere to 
the upper stratosphere. Global data of species concentrations in the tropo- 
sphere are needed to understand large-scale regional transport and associated 
chemical transformations. Although microwave instruments can measure several 
of the species indicated above, they are not generally applicable to measure- 
ments in the lower atmosphere due to pressure broadening. Other passive 
instruments, such as the Pabry-Perot interferometer, pressure-modulated 
radicaneter, and heterodyne radicxneter, are also more suitable for upper 
atmospheric measurements. Moreover, since the active infrared laser system 
of experiment 10 can operate day or night, it permits measurements of solar- 
assisted chemical reactions to be observed much better than with solar- 
occultation techniques . 
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Experiment 11: Chemical Release Diagnosis 

Description .- Measurement of motion, internal structure, and dissipation of 
artificial chemical releases (e.g., Na, Ba, Ba"*") to diagnose ionospheric 
fields and dynamics. 

Implementation .- Resonant scattering using narrow-band, Nd:YAG pumped 
frequency-tuned dye laser with photon-counting PMT detection. 

For one class of experiments the lidar could be hard mounted on the pallet 
(no pointing capability) and the Shuttle oriented such that the lidar line-of- 
sight cuts a swath across a previously deployed chemical release as the Shuttle 
passes nearby. For example, observations of the plasma structure in an ionized 
barium cloud could be carried out with a lidar system having the following 
parameters: 

Wavelength, 493.4 nm; laser line width, »1 pm (needed to selectively 
excite an optically thin Ba"*" line); laser stability, «0.2 pm; laser 
pulse energy, 0.02 j; repetition rate, 10 Hz; Ba"*" backscatter cross 
section, 2.4 x 10~^^ cm^ sr~^ ion“^ (for the odd mass, optically thin 
component of the 493.4 line); receiver diameter, 1 m; receiver FOV, 

0.5 mrad; receiver detection efficiency, 0.12 (includes optics, filter, 
and PMT quantum efficiency); range to cloud, 100 km 

The return signal for this case gives a single-pulse signal-to-noise ratio 
(SNR) of 4 for a 50 m thick (along the line-of-sight) plasma sheet with a Ba"^ 
density of 10® ions cm”^ appropriate to a 48 kg, 200 km barium release after 2 
to 4 hr depending on wind velocity. Multipulse integration would permit longer 
range lidar observations, but at the expense of degraded spatial resolution. 

For another class of experiments, the lidar could be provided with a high- 
accuracy pointing capability for mapping or following the evolution of chemical 
releases at long range. A steerable lidar with the parameters listed above 
(except for the receiver FOV of 0.1 mrad) could map a magnetospher ic barium 
release at ranges beyond 10 000 km with a resolution of the order of 1 km in 
the transverse dimension and 30 km in the line-of-sight dimension. A 1 s inte- 
gration time gives an SNR of 3, sufficient for mapping, for a cloud with an ion 
density of »10^ cm“^, appropriate to a 1 6 kg magnetospher ic barium release after 
20 min. Such a cloud could be followed to later times, of the order of hours, 
with degraded spatial resolution. The pointing system for these experiments 
could be designed such that the orbiter provides gross pointing and the lidar 
mount provides only a vernier capability with a total excursion of a few («5) 
degrees and an absolute accuracy of 0.1 to 1 mrad, depending on the experiment. 
For release tracking the laser line width and stability requirements could be 
relaxed, at the expense of lower return signal. 

All scenarios for this experiment are constrained by the limited viewing 
time per orbit and by the limited number of successive orbits during which the 
releases persist. Experiment data output and operating duration are extremely 
scenario dependent. The laser wavelength must be tuned in real time to compen- 
sate for the changing Doppler shift as the Shuttle moves by the release (maxi- 
mum excursion ±0.015 nm with scenario-dependent tuning rates). Releases can be 
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deployed from the Shuttle, ground-launched rockets, or the chemical-release 
satellite. 

Feasibility .- 2B for hard-mounted system, 2C for the steerable system. The 
lidar technology is well proven by ground-based sodium-lidar experiments, but 
the steerable mounting and velocity-compensating wavelength controller will 
require a good deal of construction effort. 

Needed development .- None for the hard-mounted system; pointing system develop- 
ment for the release-tracking version. Laser components will require construc- 
tion effort but will not require new-technology development. 

Discussion .- Chemical releases are effective tracers for neutral, plasma, elec- 
trodynamic, and magnetic processes occurring in the near Earth environment, 
contributing information on wave processes for scientific objective 5, species 
transport for scientific objective 6, and solar-induced effects for scientific 
objective 7. Dissipation mechanisms for ionospheric plasma structures, which 
interfere with communications systems, are not yet understood and can be 
derived from fly-by release diagnosis. Ion-cloud motions can be used to inves- 
tigate the intensities and distributions of the Earth's electric and magnetic 
fields for both thermospheric and magnetospher ic winds. The Ba'*’ measurements 
discussed above are representative of a large class of release materials which 
could be observed by lidar. Na (589 nm) , Ba (553.5 nm) , AlO (484 nm) , Li 
(670.7 nm) , and Cs (852 nm) are other candidate release materials. 

Further study is needed to determine those orbital/chemical-release sce- 
narios where Shuttle mounting of the lidar is superior to ground operation of 
a similar system. In general, this will occur only where ground systems can- 
not be fielded or as part of a multi experiment Shuttle investigation of 
magnetospher ic/atmospheric processes. 

Lidar provides the only technique for studying the 3-D power spectra of 
plasma irregularities in artificial releases. Lidar spatial resolution («50 m) 
is inferior to in situ rocket probes («1 m) and photography (»1 0 m) , but rocket 
probes provide only a single dimension of the cloud structure while photography 
(and photometry) provides only a measure of column content whose interpretation 
is subject to resonance-radiation transport contamination. Lidar also provides 
a unique nighttime tracking and diagnostic capability (for release locations 
and spatial scale lengths that are not suitable for observation by incoherent- 
scatter radar) . 
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Experiment 12: Stratospheric Ozone Concentration Profiles 

Description .- Measurement of stratospheric ozone concentration between 35 and 
50 km and between 15 and 35 km frcan orbital altitudes using differential range 
absorption techniques at UV wavelengths in order to provide global scale infor- 
mation on ozone vertical distribution. Data address a number of science objec- 
tives in the climate and environmental areas. 

Implementation .- Instrumentation: 1 m diameter receiver; standard Nd:YAG laser 

quadrupled to 265 nm at 0.10 J and 10 Hz; 1 mrad FOV; 0.1 nm FWHM wavelength 
filter; 15-percent system optical efficiency; and PMT detectors with QE approx- 
imately 20 percent. The experiment can be readily performed from orbital alti- 
tudes of 250 to 300 km at night. The simulations shown in figure A9 have been 
performed for a standard midlatitude ozone profile, 1000 km horizontal (along- 
track) and 2 km vertical resolution. The top curve of figure A9 indicates that 
for the quadrupled Nd laser (265 nm) the altitudes of better than 10-percent 
accuracy are 38 to 48 km (peak accuracy of «5 percent around 42 km) . In addi- 
tion, the doubled Nd:YAG output could be used to pump a dye whose output can 
be doubled into the 280 to 300 nm spectral region at 0.01 J and 10 Hz. Narrow 
spectral bandwidth and stability are not required for these experiments. Band- 
widths of only =1 nm and stability of ^0.5 nm are sufficient. Operational 
altitudes can be changed by using various dye wavelength combinations. As an 
example, the 290 nm simulation is shown as the lower curve in the figure. The 
altitude range is from 20 to 32 km (peak accuracy of «6 percent at an altitude 
of 24 km) . 

Feasibility .- IB (quadrupled Nd:YAG)/2B (double dye). Ground-based UV DIAL 
measurements have demonstrated the viability of the experimental concept. 

Needed development .- System development studies for functional dye or other 
laser output energies of 0.1 to 1 J at these wavelengths for a 10 Hz repeti- 
tion rate. Experimental demonstration of hardware. Newer, more powerful 
lasers such as the krypton-fluoride laser could be used to generate four or 
five simultaneous discrete frequencies by Stokes tuning at output energies of 
0.1 J at 10 Hz. With these energies, the same accuracies as above are obtained 
but for 100 km horizontal resolutions. In this manner, the entire stratosphere 
could be probed at once with high accuracy. 

» 

Discussion .- Information on ozone number density addresses the requirements of 
scientific objectives 2 and 7. Lower stratospheric ozone is useful as a tracer 
for studying stratospheric motions. Upper stratospheric ozone is most sensi- 
tive to photochemical changes arising from pollutants such as the CFM*s and 
NOx's. Shuttle lidar measurements of stratospheric ozone number density with 
100 km horizontal resolution would provide better spatial resolution with 
approximately the same accuracy as passive sensors and would provide profile 
data at a much higher rate with greater geographic coverage per orbit through- 
out the night side of the orbit. Supporting meteorological data are necessary 
to define the contributions of the molecular backscatter ing to the retrieval of 
ozone number density profiles. 
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Figure A9.- Ozone number density error. 
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Experiment 13: Upper Atmospheric Trace Species Measurements Using 

Two-Satellite Occultation 

Description .- Trace species having absorption bands in the 3.5 to 15.0 ym 
region are measured with high accuracy, day or night, by direct absorption 
of IR laser radiation transmitted between two satellites. Typical species 
include O3, CIO, CIONO2, H2O, H2O2/ the CFM's, C2H3CI, C2H4, CCI4, HNO3, NH3, 
etc. Use of a retroreflector or detection system on the "passive" satellite 
allows highly sensitive measurements over long path lengths. Such measurements 
are important in providing data for evaluating stratospheric/mesospheric models 
and in studying the coupling of dynamical, chemical, and radiative processes. 
Laser power requirements are low since a cooperative target is used, and a 
variety of tunable lasers may eventually be used to reach nearly all desired 
species. Figure AlO shows acceptable two-satellite transmitter power as a 
function of transmitter/receiver separation for several values of integration 
time frcm 10“^ to 1 s for a 25 cm telescope, transmitter/receiver system. 
Transmitted beam is diffraction limited for 25 cm diameter aperture, and a 1 m 
diameter retroreflector is assumed. Figure All shows two-satellite transmitted 
power as a function of transmitter/receiver diameter for a 4000 km separation, 
for integration times varying from 10“^ to 1 s. Transmitter powers in these 
cases do not exceed 25 mW, for telescope diameters up to 1 m. 

Implementation .- A continuous-wave CO2 laser oould be used initially for lim- 
ited trace species measurements to demonstrate feasibility for differential 
absorption using heterodyne measurements. Both Shuttle and daughter satellites 
could be placed in an orbit with the same inclination and in the same orbital 
plane. Rises and sets for occultation are slow, providing capability of rela- 
tively long integration times but with poor longitude-latitude resolution. The 
mission would provide continuous measurements at slowly varying altitudes, 
lasting on the order of one or more days, depending upon how the phasing maneu- 
vers are accomplished. Scientific measurements would be directed toward those 
trace species requiring long integration times or those whose spatial distribu- 
tions are not expected to show strong longitude-latitude or temporal variabil- 
ity. To accomplish more sophisticated scientific measurements, a noncoplanar 
geometry oould be used with the same orbit inclination and altitude. For exam- 
ple, tw satellites having an orbit inclination of 57° with an angular separa- 
tion between the orbital plans of 150° and an altitude of 450 km would provide 
complete geographical coverage in a band from -5° to +5° latitude over a mea- 
surement time of 30 days. To increase latitude coverage for a dual satellite 
missicffi from ±5° to ±30°, an orbital mission with different orbit inclinations 
and altitudes can be implemented using noncoplanar geometry. 

Needed development .- A mathematical inversion model should be developed to 
assess the effects of various measurement errors on the accuracy of the ver- 
tical profiles of trace species measured with the dual satellite technique. 

The model should be an end-to-end model converting the laser radiance collected 
by the optical receiver, processed by the optical receiver optics and electron- 
ics, and inverted to produce vertical profiles. Errors in the retrieved pro- 
files can be due to the following uncertainties; 
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(1) Pointing effects: Compensation for beam steering effects due to atmo- 

spheric refraction; errors due to pointing and tracking jitter. 

(2) Orbital effects; Doppler shift compensation; rise and set times for 
various orbital missions. 

(3) Laser /receiver parameters: Requirements for laser line shape, posi- 

tion, and stability; data sampling errors; noise in heterodyne receivers; scan- 
ning versus fixed frequency; laser beam intensity distribution. 

(4) Inversion effects: Target point pressure uncertainty; refraction 

effects; line selection criteria for reducing atmospheric interference effects. 

A near-term design study should be performed to determine the trade-offs 
between pointing and tracking requirements for various orbital missions to 
assess rise/set times, simultaneous multispecies measurement strategy, and 
atmospheric refraction effects resulting in beam steering effects at the 
optical receiver. 

Feasibility .- 2C/3C. An atmospheric inversion model of passive solar occulta- 
tion experiments has been used to predict expected sensitivities in the verti- 
cal profile of a dual satellite, differential heterodyne measurement. Fig- 
ure A12 shows the expected retrieval of a two-satellite measurement for O 3 
from 10 to 60 km with an integration time of 0.1 s. Similar results have been 
obtained for CIO and HNO 3 . Laser and detector requirements have already been 
demonstrated. However, pointing requirements near the limit of projected 
Shuttle capabilities make the rating 2C for a system using CW lasers. Utiliz- 
ing tunable lasers (such as laser diodes) to enhance trace species detection 
capability would require a 3C rating. In addition, the rating would vary with 
the target species and orbital mission chosen. For example, in measurements of 
minor trace species such as CIO where absorption coefficients are relatively 
small, an orbital mission in which Shuttle and daughter satellite are in the 
same orbital plane inclination could provide the required integration time for 
measuring CIO to high precision and accuracy. For more sophisticated scien- 
tific missions requiring multispecies vertical profile measurements, trade-off 
studies must be conducted to interface species selection with the orbital mis- 
sion parameters. 

Discussion .- The two-satellite approach can address scientific objectives "',2, 
and 4. Listed in table AI are examples of species which could be measured, and 
expected measurement accuracies assuming the dominant error effects are shot- 
noise effects induced by the laser local oscillator of the heterodyne optical 
receiver. More detailed calculations considering other potential noise effects 
discussed previously should be performed to determine realistic retrieval 
accuracies of a two-satellite measurement. The most important advantages of 
the two-satellite measurement of species are the broad temporal and spatial 
coverages obtained by selecting different satellite orbits. Solar occultation 
measurements are restricted to only two local-time measurements during a mis- 
sion. The integration time necessary for a solar occultation measurement to a 
certain accuracy is approximately a factor of 10 greater than the time neces- 
sary for the two-satellite measurement. Thus, for the same vertical resolution 
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the two-satellite measurement has the potential of improving the measurement 
uncertainty by a factor of 3 for species such as O3, CIO, and HNO3. 
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TABLE AI.- EXAMPLES OF SPECIES TO BE MEASURED 

[Day or night operation; Ax = 200 km; Az = 1 km; 
satellite separation, 4000 km; typical absorp- 
tion length, 200 km; collector diameter, 1 m; 

Pn = 10~'9 w/Hzl 


Species 

Typical altitude 
regions, km 

Predicted 
error, percent 
(a) 

Species 

Typical altitude 
regions, km 

Predicted 
error, percent 
(a) 

Discretely tunable CW OO2 laser 

Tunable lasers in 2 to 

9 pm region 

O3 

10 to 70 

2 

HCl 

20 to 30 

5 

CIO 

30 to 35 

20 

OH 

50 to 60 

20 

CIONO2 

20 to 30 

— 

HO2 

25 to 35 

20 

H2O 

10 to 30 

2 

CH4 

10 to 20 

5 

H2O2 

25 to 35 

— 

NO 

45 to 55 

^20 

CFM's 

10 to 20 

20 

NO2 

35 to 45 


C2H3CI 

10 to 20 

10 


10 to 30 

b5 

C2H4 

10 to 20 

10 


10 to 30 

5 

CCI4 

10 to 20 

10 


70 to 100 

— 

HNO3 

10 to 20 

10 




NH3 

10 to 20 

5 





®This represents average predicted error in gas concentration over altitude 
range indicated. Optimum available laser line was chosen for average gas con- 
centration over specified altitude range. 

^Can be reached with doubled OO2. 
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Figure A10.- Transmitted power as function of transmitter /receiver separation 

for two-satellite operation. 



Figure All.- Transmitted power as function of transmitter/receiver diameter 

for two-satellite operation. 
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Figure A12.- Two-satellite measurement of O3 fran Shuttle lidar. 
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Experiment 14: Sodium Temperature and Winds 

Description .- Analysis of the backscattered signal by resonance fluorescence 
techniques from the region near 90 km to determine the altitude distribution of 
sodium, its temperature, and winds in the sodium layer. Nighttime and daytime 
measurements will provide information concerning the dynamics of an important 
region of the atmosphere about which little is known. 

Implementation for wind measurement .- A narrow-band nm) dye laser with 

standard Nd:YAG (doubled). The frequency stability of the laser should be 
^5 X 10“^ nm for the wind measurement. The detector requires a high-resolution 
dispersive element. In order to measure two components of the wind vector, two 
different pointing directions will be needed. The accuracy with which the wind 
is measured depends on knowing the pointing direction a posteriori with an 
accuracy of 1 min of arc or better, or by using the ground return to determine 
a Doppler reference for the lidar. The error in the horizontal component of 
the wind has been determined to be 5 m/s for a nighttime measurement with the 
following parameters: 

Wavelength, 589 nm; laser pulse energy, 0.1 J; laser bandwidth, 

10“3 nm; laser repetition rate, 10 Hz; Shuttle altitude, 250 km; 
telescope diameter, 1 m; vertical resolution, 1 km; horizontal 
resolution, 300 km; cross section 5.6 x 10“^^ cm^; Na density, 

5 X 10^ cm“3; thermal line width^ at 200 K, 1.23 x 10"^ nm; 
pointing accuracy, 2.4 x lO"^ rad (5 arc s) 

The simulation was done with a Fabry-Perot interferometer and a 12 ring anode 
detector, with the following characteristics: 

Free spectral range, 1.37 x 10"2 nm; reflectivity 0.9; spectral scan, 

1.37 X 10~2 nm; quantum efficiency, 10 percent; optical efficiency 
(other than Fabry-Perot), 0.05; detector resolution, 10 “^ nm 

The calculation was done with the line-of-sight at 45° with the vertical direc- 
tion; the angle between the horizontal component of the line-of-sight and the 
velocity vector of the Shuttle was 45°. The accuracy with which the wind is 
measured depends on having a posteriori knowledge of the pointing direction. 

The ground return is useful in obtaining attitude knowledge. Due to the pres- 
ence of clouds, however, the ground return information may not always be 
available. 

Implementation for temperature measurement .- If one uses a laser emitter with 

a spectral width of 1 0”^ nm, successively centered on the maximum and the mini- 
mum of the absorption factor, one can deduce the temperature value from the 
backscattered intensity ratio. For an accuracy equal to 2.5 percent, the nec- 
essary photoelectron number is about 10^. The laser line must be centered with 
an accuracy better than one- tenth of the emitted line width. 

For the case of 0.1 J at 10 Hz, a 5 K accuracy can be obtained with 176 km 
horizontal resolution at night and 400 km during the daytime. The vertical 
resolution is 1 km. This is a conservative estimate since lasers with more 
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power at narrower bandwidths are available which would improve the results 
considerably. 

Feasibility .- 3B if only a temperature measurement is done; 3C if the wind mea- 
surement is included. The C-rating is given if a special pointing system is 
used . 

Needed developnent .- The Fabry-Perot detection system needs design study based 
on current technology. 

Discussion .- Addresses scientific objectives 5, 6, and 7. This is a measure- 
ment which provides information concerning the dynamics of an important region 
of the atmosphere about which very little is known. 

Wind measurements in the mesosphere can be done passively with a Fabry- 
Perot interferometer or a gas correlation radiometer. These techniques involve 
limb scanning observations. A lidar technique, however, provides better spa- 
tial resolution, which is essential to achieve the scientific objectives of the 
measurement . 


Bibliography 

Abreu, Vincent J.; Wind Measurements From the Shuttle Using a Lidar System 
With Incoherent Detection; An Analysis. Appl. Opt., vol. 18, Sept. 1979. 
(To be published.) 

Chamberlain, Joseph W.: Physics of the Aurora and Airglow. Academic Press, 

Inc . , 1 961 . 


130 



APPENDIX A 


Experiment 15; Surface Pressure and Cloud-Top Pressure 
and Height Measurement 

Description .- Accurate measurement of atmospheric pressure at the Earth's sur- 
face and of pressure and altitude at cloud tops using O 2 A-band absorption 
lines. Surface pressure is a fundamental meteorological variable needed in 
weather forecasting and in general circulation models. Cloud- top pressure can 
also be used similarly. 

Implementation .- Frequency-doubled NdtYAG pumping a tunable, two- wavelength dye 
laser operating near 760 nm. A wavelength between two strong (and reasonably 
temperature-insensitive) O 2 absorption lines is used as shown in figure A13 in 
conjunction with a reference wavelength in an adjacent line-free region with a 
shift of 0.1 to 1 nm. Differences in the two lidar returns can be interpreted 
in terms of surface pressure and pressure profiles. (See experiment 16.) 
Cloud-top altitude is given by the time record of the lidar return. The out- 
going laser pulse energy is measured in order to stabilize the amplitude of the 
lasers. Dual channel detection will be used to separate the two laser pulse 
returns. The simulation used the following parameters; 

Laser pulse energy, 0.05 J; repetition rate, 10 Hz; laser line 
width, 0.003 nm; laser frequency stability, 0.0005 nm; PM quantum 
yield, 0.12; optical efficiency, 0.35; receiver area, 10^ cm^; POV, 

10“® sr; detector bandwidth, 1 nm; Earth albedo of 0.1; cloud albedo 
of 0.5; clouds, 0 to 8 km; O 21 21 percent uniformly mixed; Shuttle 
altitude, 200 km 

These simulations give surface pressure accuracy at 760.0263 nm of 0.2 per- 
cent for Ax = 100 km as shown in figure A14. The corresponding cloud- top 
pressure-height measurements yield pressure accuracies ranging from 0.2 percent 
at 0.5 km to 0.1 percent at 6.5 km for to = 16 km. Simulations also show that 
the spatial resolution of the surface pressure measurement can alternatively be 
improved to 5 km using the region at 760.11 nm while maintaining the surface 
pressure accuracy of 0.2 percent. The accuracy or spatial resolution of the 
cloud top and pressure profile experiments would, however, be degraded signifi- 
cantly. Both measurements would use both day and night operation. Range cells 
of 20 m are desirable (50 m required) for data acquisition in order to locate 
the altitude of pressure determinations to 5 m accuracy. The off-line laser 
can be broad band in either case (0.01 to 0.05 nm) . 

Feasibility .- 3B. On the basis of laser operation alone, this would be a 
2-rated experiment due to similar requirements to experiment 9 in a similar 
spectral region. The 3-rating reflects the lack of a field demonstration 
needed for such a high-precision measurement. 

Needed development .- Use of Nd;YAG (doubled) to pump a dye at 760 nm may 
require some development. Additional ground-based lidar tests are an essen- 
tial prelude to flight measurements. Further numerical simulations should be 
carried out to clarify the advantages of narrow-band versus broad-band laser 
operation, including the influence of O 2 fluorescence and the different degrees 
of total extinction inherent in the two methods. 
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Discussion .- This experiment addresses objective 4 (Augmentation of the 
Meteorological Data Base) . Surface pressure measurements allow temperature 
profiles obtained with IR sounders to be interpreted in terms of pressure 
profiles and thus circulation patterns. 

Surface pressure and cloud-top pressure heights currently cannot be mea- 
sured remotely. No passive method has been put forth that can make this mea- 
surement from a space platform. A microwave experiment for the measurement of 
surface pressure has been proposed and should be evaluated simultaneously with 
lidar. Comparison experiments between lidar and microwave would be a valuable 
use of Shuttle capability. Shuttle performance data will provide a good check 
on suitability of the method for operational use. 
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Figure A13.- Two-path atmosE^ier ic absorption coefficient for oxygen from 
Shuttle to Earth's surface and to 5 km altitude. 



Figure A14.- Simulation of pressure measurement accuracy fron Shuttle for 
surface pressure (100 km) and cloud-top pressure heights (16 km). 
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Experiment 16; Vertical Profiles of Atmospheric Pressure 

Description .- Tropospheric pressure profiles will be measured using a differ- 
ential absorption method employing larger spatial resolution elements than in 
experiment 15, The emphasis in Shuttle measurements will be on testing and 
refining the technique for ultimate operational use. The pressure profile is 
a basic meteorological quantity needed both in weather forecasting and in gen- 
eral circulation modeling. 

Implementation .- A frequency doubled NdtYAG laser is used to pump a tunable, 
two- wave length dye laser operating near 760 nm. The measurements are similar 
to those of experiment 15 except that larger resolution elements permit suffi- 
cient pulse integration for DIAL measurements within the atmosphere. Nighttime 
operation certain, daytime operation possible with a 10“^ sr FOV and a 0.02 nm 
detection bandwidth. With a narrow-band laser method, the spatial resolution 
is Az = 1 km, Ax = 500 km. Shuttle simulation results given in figure A15 
for a pressure sensitive wavelength of 760.0263 nm indicate that pressure mea- 
surement accuracies of 0.3 percent can be obtained for the lower troposphere 
using multipulse averaging techniques. The simulation used the following 
parameters: 

Laser pulse energy, 0.05 J; repetition rate, 10 Hz; laser line 
width, 0.003 nm; laser frequency stability, 0.0005 nm; PM quantum 
yield, 0.12; optical efficiency, 0.35; receiver area, 10^ cm^; POV, 

10~® sr; detector bandwidth, 1 nm; Earth albedo, 0.1; cloud albedo, 

0.5; clouds, 0 to 8 km; O 2 , 21 percent uniformly mixed; Shuttle 
altitude, 200 km 

For this experiment, range cells of 50 m are desirable (100 m required) in 
order to accurately locate the height of the pressure measurement. The off- 
line laser can be broad band (0.01 to 0.05 nm) . Analytic models have been 
developed from which the pressure can be calculated, given calibration data. 
These models include desensitizing the measurements to the effects of tempera- 
ture variations and changes in laser intensity and frequency. 

Feasibility .- 3C. On the basis of laser operation alone, this would be a 
2-rated experiment due to similar requirements to experiment 9 in a similar 
spectral region. The 3-rating reflects the lack of a field demonstration 
needed for such a high-precision measurement. 

Needed development .- Use of NdiYAG (doubled) to pump a dye at 760 nm may 
require some dev^lopnent. Additional ground-based lidar tests are an essen- 
tial prelude to flight measurements. Further numerical simulations should be 
carried out to clarify the advantages of narrow-band versus broad-band laser 
operation, including the influence of O 2 fluorescence and the different degrees 
of total extinction inherent in the two methods. 

Discussion .- This experiment addresses objective 4 (Augmentation of the 
Meteorological Data Base), objective 3 (Evaluation of Radiative Models of the 
Atmosphere) , and provides correlative data for objective 7 (Magnetospheric 
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Aspects of Sun/Weather Relationships) . Pressure profiles may be used to cal- 
culate temperature profiles and winds and are currently obtained only from 
radiosonde measurements. 

Lidar offers the capability for remote sensing of the pressure profile in 
the lower troposphere to an accuracy of 0.3 percent. No other remote method 
has been proposed for this measurement. Moreover, remotely sensed pressure 
profiles would provide data suitable not only for temperature profile and wind 
determination but also for initialization of general circulation models and 
for weather prediction. 
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Experiment 17: Temperature Profile 

Description .- Measure the temperature profile in the troposphere or in the 
region of the tropopause with a DIAL technique. Demonstrate that lidar can 
meet the accuracy and vertical resolution requirements on temperature profile 
measurements for the NASA climate program and GARP and for stratosphere/ 
troposphere exchange studies. 

Implementation .- A standard frequency doubled Nd;YAG laser is used to pump a 
tunable, two-wavelength dye laser operating near 770 nm. The experiment uses 
a high J rotational line in the oxygen A-band near 770 nm to obtain a strong 
dependence of absorption coefficient on temperature (as high as the sixth power 
of temperature) primarily through the dependence of the population of a state - 
on temperature through the Boltzmann term. A second nearby wavelength with a 
bandwidth of 0.01 to 0.05 nm with a shift of 0.1 to 0.5 nm is used as a refer- 
ence for the DIAL measurement. The use of a single temperature sensitive line 
for the measurement, rather than the use of a ratio of two temperature sensi- 
tive lines as has been discussed by Mason, leads to greatly increased experi- 
ment sensitivity. Simulations using the following parameters are shown in 
figures A1 6 and A1 7 for a spatial resolution of 500 km: 

Laser pulse energy, 0.05 J; repetition rate, 10 Hz; laser line 
width, 0.002 nm; laser frequency stability, 0.0005 nm; PM quantum 
yield, 0.12; optical efficiency, 0.35; receiver area, 10^ cm^; POV, 

10~® sr; detector bandwidth, 1 nm; range bin, 100 m; Earth albedo 
of 0.1; cloud albedo of 0.5; clouds, 0 to 8 km; O2, 21 percent uni- 
formly mixed; Shuttle altitude, 200 km 

Figure Al 6 shows that for the oxygen line located at a wavelength of 769.0215 nm 
temperature accuracies of the order of 1 K can be obtained for measurements in 
the troposphere with a vertical resolution of 2 km. The line strength used for 
this simulation was 2.0 x 10“^ g“^ cm^ cm“\ The results of a simulation at 
768.380 are shown in figure Al 7 for vertical resolutions of 2 and 3 km. As 
shown, for a 3 km vertical resolution the measurements may be extended into the 
region of the tropopause and lower stratosphere with an accuracy as high as 1 K. 
The line strength used for this latter simulation was 4.1 x 10”^ g~^ cm^ cm”^ . 
The above simulations pertain to nighttime background conditions. Daytime mea- 
surements may be feasible with a 10"^ sr FOV and a 0.02 nm detection bandwidth. 

Feasibility .- 3C. Has not yet been experimentally demonstrated although water- 
vapor differential absorption measurements with comparable spectral resolution 
requirements have been performed in the same spectral region. 

Needed development .- Use of Nd:YAG (doubled) to pump laser at 770 nm may 
require some development. Also, demonstration and testing of a ground-based 
lidar experiment is needed. 

Discussion .- This experiment addresses objectives 1, 3, 4, and 7. Temperature 
profile measurements in the tropopause region can define the height of the 
tropopause and thus address the stratosphere/troposphere exchange problem 
(objective 1) and provide information for radiative transfer models (objec- 
tive 3) . Studies by both the Goddard Institute of Space Sciences and the 
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National Meteorological Center show that improved temperature accuracy and ver- 
tical resolution over those from current passive techniques are required for 
improved weather forecasts (objective 4) . 

liidar has the capability for direct measurement of the temperature profile 
to accuracies of 1 K with a vertical resolution of 2 km for measurements in the 
troposphere, or 3 km in the region near the tropopause. In contrast, passive 
infrared and microwave temperature sounders are limited in vertical resolution 
to 5 to 10 km and have temperature profile accuracies of 2.5° although the 
accuracies are somewhat poorer near the Earth's surface and near the tropopause. 
In addition, the passive temperature sounding methods require the use of inver- 
sion techniques bo recover the temperature profile, whereas lidar provides a 
direct measurement of the temperature profile. 
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Figure A16.- Temperature profiling accuracy for Shuttle simulation at 
769.021 nm for vertical resolution of 2 km. 
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Figure A17.- Temperature profiling accuracy for Shuttle simulation at 
768.380 nm for vertical resolution of 2 and 3 km. 
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Experiment 18: Altitude Distribution of Atmospheric Constituents - IR DIAL 

Description .- Tropospheric profiles of gases such as O 3 , H 2 O, NH 3 , and C 2 H 4 , 
and profiles of O 3 in the stratosphere, will be measured using differential 
absorption lidar (DIAL) . The DIAL technique is based on the measurement of the 
intensity of pulses of laser radiation at selected wavelengths backscattered by 
atmospheric aerosols and differentially attenuated by the species whose concen- 
tration is to be measured. Heterodyne detection is used to provide high- 
detection sensitivity to the backscattered IR radiation, and makes the measure- 
ment relatively insensitive to the daylight background - thus day or night 
operation is possible. Knowledge of the altitude distribution of O 3 will help 
define the roles of downward diffusion from the stratosphere, and ground-level 
sources and sinks. Weather forecasting can benefit from information on the 
vertical distribution of water vapor. The vertical spatial resolution for the 
proposed DIAL measurement is 1 km. 

Implementation .- High-average power lasers and efficient signal collection and 
detection (large mirror-heterodyne detection) will permit this experiment to 
achieve a horizontal resolution of about 160 km. Analysis shows that a multi- 
line OO 2 laser with pulse energy of 2 J, pulse repetition rate of 15 Hz, and 
pulse duration of 4 Ms is needed for the Shuttle DIAL experiment and that the 
spectral stability bandwidth of the laser radiation must be less than 10 MHz 
for heterodyne detection. The following results are based on a 1 m diameter 
telescope/receiver with an overall signal detection efficiency of 1 percent, 
a range of 200 km to the region being analyzed, and a minimum differential 
absorption sensitivity of 3 percent in a 1 km vertical range bin: 


Species 

QO 2 laser line 

Absorption coefficient, 
(atm-cm) 

(a) 

Sensitivity (SNR = 10) 

O 3 

P(14) 001-020 

12.7 

20 ppb 

H 2 O 

Several lines 

Various 

10 -percent relative 
humidity (300 K) 

NH 3 

R(30) 001-020 

60 

5 ppb 

C 2 H 4 

P(14) 001-100 

33 

10 ppb 


®At room temperature and atmospheric pressure. 


Daylight background radiation effects are negligible because of the narrow 
bandwidth and FOV of heterodyne detection. The values of the absorption coef- 
ficients given above can be considered only approximate because variations will 
occur due to changes of pressure and temperature. For O 3 , the laser wavelength 
must be away from line center in order for the beam to pass through the strato- 
spheric ozone layer where the lines are much narrower than they are in the 
troposphere. The sensitivities shown in the above table are not necessarily 
optimum, and the list of species is not complete, but merely representative. 
Potentially, these sensitivities can be increased and other species can be mea- 
sured using new tunable high-power lasers now under development. One of these. 
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the high-pressure CO 2 laser appears particularly promising, although the abil- 
ity to obtain laser radiation well away from line center with the necessary 
purity remains to be demonstrated. The major limiting factors are the need 
for appreciable absorption (^3 percent) in a spatial resolution element, and 
a drop-off in aerosol scattering of infrared radiation with altitude. Simu- 
lations also indicate that O 3 in the lower stratosphere can be measured using 
a CO 2 DIAL system. 

Feasibility .- 3B. Pulsed OO 2 lasers with capability of the order required have 
been demonstrated recently in the laboratory. Shuttle power requirements are 
intermediate to near maximum, depending on laser average power. 

Needed deve lopnent . - Multiline pulsed CO 2 lasers with pulse energies =2 J, 
average power ^30 W (repetition rate of 15 Hz), spectral stability and line 
width less than 10 MHz. Recently demonstrated laboratory devices of this 
type must be space qualified. The use of heterodyne array detectors (see 
experiment 10 ) should be investigated, and detailed simulations for all poten- 
tial species should be performed. 

Discussion .- The DIAL experiment is relevant to scientific objectives 1, 2, 3, 
and 4 by providing global measurement of vertical and horizontal distributions 
of a number of important atmospheric constituents. These results can be ana- 
lyzed in terms of atmospheric chemical transport and radiative models of the 
atmosphere. This experiment provides a unique combination of tropospheric 
spatial resolution and global coverage. The same equipment can perform laser 
absorption measurements using ground to cloud return (experiment 10 ) and "clear 
air" DIAL measurements. The detailed altitude resolution of the DIAL measure- 
ments will facilitate analysis of the ground to cloud returns which yield bet- 
ter horizontal resolution. Additional capability for measurement of profiles 
of CH 4 , N 2 O, and CO in the troposphere and lower stratosphere, with sensitivi- 
ties and spatial resolutions comparable to the O 3 measurements, could be 
obtained with wavelengths in the 4 to 6 ym region (doubled CO 2 laser, CO laser, 
and others) . 

The approach proposed here permits the distributions of a variety of 
species to be measured in the troposphere and lower stratosphere with a spatial 
resolution (=200 horizontal; «1 km vertical) which cannot be achieved with pas- 
sive instruments. 
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Experiment 19: Cloud-Top Winds 

Description .- The purpose of experiment 19 is to measure the wind at the top of 
clouds, during the day and the night, with an uncertainty in the measurement of 
±2 m/s. This requires horizontal and vertical resolutions of 1 km and 0.15 km, 
respectively. The measurement is important in determining wind components in 
the tropics and other latitudes which cannot be derived from the temperature 
field. When the lidar beam is backscattered from a cloud top, it is scattered 
by individual ice or water droplets. These particles are small and are moving 
with the local wind velocity; consequently, the Doppler shift of the returned 
light beam determines the tropospheric wind velocity at the cloud tops. 

Implementation for incoherent detection .- Nd:YAG or Nd: Glass laser with ade- 
quate frequency stability and a bandwidth of 10“^ nm; high-resolution disper- 
sive element (Fabry-Perot interferometer) with an array-type detector. In 
order to measure two components of the wind vector, two different directions 
will be needed. The accuracy with which the wind is measured depends on having 
a posteriori knowledge of the pointing direction. The ground return, if avail- 
able, is useful in obtaining attitude knowledge. The error in the horizontal 
component of the wind has been determined to be 1.7 m/s and 0.5 m/s for point- 
ing accuracies of 1 arc min and 5 arc s, respectively. The parameters used in 
the measurement assessment were the following: 

Wavelength, 530 nm; laser pulse energy, 0.3 J; laser bandwidth, 

10~^ nm; telescope diameter, 1 nm; number of pulses averaged, 

1 pulse; altitude, 5 km; vertical resolution, 0.15 km; angle 
between line-of-sight and vertical direction, 45°; angle 
between horizontal component of line-of-sight and Shuttle 
velocity vector, 45° 

The simulation was done for night conditions, assuming a Fabry-Perot interfer- 
ometer and a 12-ring anode detector, with the following characteristics; 

Free spectral range, 3.8 x 10“^ nm; reflectivity, 0.9; spectral scan, 

1 .1 X 10"^ nm; quantum efficiency, 10 percent; optical efficiency 
(other than Fabry-Perot) , 0.05; detector resolution, 1 .27 x lO”'* nm. 

Implementation for coherent detection .- In the CO 2 pulsed wind-measuring lidar, 
Doppler shifted backscatter from cloud tops is detected coherently, in order 
to measure the wind with an accuracy of ±1 m/s, laser energies of approximately 
10 joules per pulse at a repetition rate of 15 Hz will be required. A pointing 
system is required whose readout would be accurate to approximately 100 )J rad. 

Feasibility .- 3C. The C-rating is given because of laser parameters and spe- 
cial pointing system (if required). Note that accurate knowledge of pointing 
direction is all that is required for a given component of the wind. 

Needed developnent .- For coherent detection, hybrid TEA laser systems are 
required, with pulse energies of 10 J at a repetition rate of 15 Hz. For 
incoherent detection, high-energy narrow bandwidth (»10“^ nm) lasers need 
development. The detector system needs design study based on current tech- 
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nology. Diffuse penetration of laser light into clouds frcan above needs to be 
studied thoroughly. 

Discussion .- Addresses scientific objectives 1, 2, and 4. This experiment has 
important applications in monitoring the development of tropical low-pressure 
systems which evolve into hurricanes, monitoring winds in frontal systems, and, 
in general, filling in the gaps in our radiosonde network in remote locations. 
Cloud- top winds cannot be measured using ground-based system, a passive system, 
or a microwave active system. 
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Experiment 20: Aerosol Winds 

Description ♦- The objective of experiment 20 is to measure the wind or average 
translational velocity of aerosols within a vertical segment of the atmosphere 
between ground and 30 km altitude. The wind fields will be provided with unam- 
biguous altitude resolution on a global basis. These measurements will be 
important for the study of general atmospheric circulation and tropospheric/ 
stratospheric interactions. 

Implementation .- Two types of measurement techniques are being considered for 
experiment 20. The first is based upon an NdtYAG system which measures the 
Doppler shift in the backscattered laser pulse by means of a Fabry-Perot 
etalon. The second system utilizes a pulsed CO 2 laser, with the Doppler 
shifted frequency being measured by infrared heterodyne interferometry. 

The analyses given below are for a Shuttle altitude of 250 km and a 
telescope/receiver diameter of 1 m. 

Incoherent detection: Nd:YAG (doubled) or Nd:Glass laser with a bandwidth of 

10“^ nm or better. A high-resolution dispersive element (Fabry-Perot etalon) 
with an array-type detector is required to detect the Doppler frequency shift 
and reduce the integration time (which affects the spatial resolution in the 
horizontal direction) . The following parameters were assumed for the mathemat- 
ical simulation: 


Wavelength, nm 550 

Laser pulse energy at 10 Hz, J 0.3 

Laser bandwidth, nm 0.0001 

Laser pulse width, Os <7 

Backscatter coefficients Elterman 

Vertical resolution, km 1 

Fabry-Perot detector characteristics: 

Free spectral range, nm 0.0038 

Reflectivity 0.9 

Spectral scan, nm 0.0011 

Quantum efficiency, percent 10 

Optical efficiency (other than Fabry-Perot) 0.05 

Detector resolution, nm 0.00013 


The incoherent-measurement curve shown in figure Al 8 was derived using the above 
parameters and a line-of-sight at 45° to the vertical direction and assumed a 
45° angle between the velocity vector of the Shuttle and the horizontal compo- 
nent of the line-of-sight. The accuracy with which the wind is measured depends 
on having a posteriori knowledge of the pointing direction. In this simulation 
the pointing accuracy was assumed to be 2.4 x 10“^ rad (5 arc-s) . It should be 
mentioned that the ground return signal is a useful way to obtain attitude 
knowledge; due to the presence of clouds, however, the ground-return information 
may not always be available. In order to measure the two horizontal components 
of the wind vector, it is necessary to point the laser beam in two directions. 

Coherent detection: Using the pulsed CO 2 laser system, which operates in the 

10 ym region of the infrared, the Doppler shifted backscattered signal can be 


144 



APPENDIX A 


measured directly by heterodyne techniques. Figure AT 8 shows the integration 
time (and resulting horizontal resolution) as a function of altitude for a mea- 
surement of the line-of-sight component of the aerosol wind. The following 
parameters were used in this simulation: 


Wavelength, ym 10 

Laser pulse energy at 15 Hz, J 10 

Laser bandwidth, kHz <50 

Laser pulse width, ys 5 

Backscatter coefficients Collis and Russell 

Atmospheric extinction coefficients Elterman 

Vertical resolution, km 1 

System optical/detection efficiency, percent 1 


Feasibility .- 3C. The C-rating is given because of the severe laser parameters 
and special pointing system requirements. 

Needed development .- For incoherent detection, a high-energy, narrow-bandwidth 
(<0.0001 nm) laser must be developed which operates in the 500 nm region. For 
coherent detection, a TEA CO 2 laser system is needed with a pulse energy of 
10 J, repetition rate of 15 Hz, and pulse width of >5 ys. 

Discussion .- Addresses scientific objectives 1 , 2, 4, and 5. Velocity fields 
over large geographical areas are important for the study of general atmo- 
spheric circulation and tropospheric/stratospheric interactions. These mea- 
surements can, in principle, yield unambiguous altitude resolution and improve 
the accuracy and lead-time of current numerical weather predictions by provid- 
ing wind data in regions not presently covered. There is no passive technique 
that is capable of measuring winds on a global scale below 30 km altitude with 
the accuracy or spatial resolution given above. 
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Experiment 21 : OH Density Profile 

Description .- Determine the density of OH in the upper atmosphere by observing 
remote fluorescence from OH excited by a pulsed laser with wavelength in the 
range 280 to 310 nm. Because OH is involved in many key chemical reactions and 
undergoes a strong diurnal variation, the measurements will lead to improved 
chemistry/transport models of the upper atmosphere. Measurements of OH will 
also be useful for remote sounding of pressure and temperature, given improve- 
ments over present UV laser power. 

Implementation .- A frequency-doubled dye laser pumped by a frequency-doubled 
Nd;YAG laser, with the dye laser line narrowed and tuned to AX ^ 0.001 nm. 

UV laser pulses of order 25 mJ are expected for the standard Nd pump laser 
operating at the level of 1 J/pulse at 10 pps. Several independent calcula- 
tions of the number of detected photons due to OH fluorescence have been made 
assuming telescope collector areas of 1 m^. Shuttle altitude of 200 km, verti- 
cal resolution of 5 km, and horizontal resolution of 100 km along the orbital 
path. Representative results are given in the table below, assuming in addi- 
tion a PM quantum yield of 35 percent, telescope throughput of 60 percent, peak 
filter transmissions of 50 percent for 10 nm broad band for nighttime, and 
10 percent for 0.001 nm narrow band for daylight conditions. 


Z, km 

Day (2% overall detection 
efficiency) 

Night (10% overall detection 
efficiency) 

OH number 
density, 
n cm~^ 

Number of detected 
photons 

OH number 
density, 
n cm"^ 

Number of detected 
photons 

40 

3 X lo"^ 

500 ± 25 

1.5 X 10^ 

3 ± 1 

80 

4 X lo5 

30 ± 10 

X 

O 

600 + 25 


These results also include corrections for quenching, ozone absorption, and 
differences in optical cross section and branching ratios for the various 
flourescence methods employed. 

Thus it appears possible to monitor the broad daytime and nighttime maxima 
of OH - and the early stages of their change in response to solar illumination - 
with accuracies of order 5 percent within the spatial resolution element of 
Az Ax = 5 km X 100 km. The major limitation affecting horizontal resolution 
and restricting nighttime measurements is light economy (laser power times 
collector throughput). An increase by a factor of 10 to 100 in laser pulse 
energy and average power (probably requiring a different laser such as an 
excimer laser) would augment confidence in daytime measurements and allow 
more comprehensive measurements at night. Higher spatial resolution along 
the orbital path would be very useful in studying the rapid changes in OH at 
the terminator. 
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Feasibility .- 3C. The required laser performance is within present capabilities 
and has not been entirely demonstrated in field operations. The technique has 
been used for in situ monitoring of ground level OH and in an aircraft experi- 
ment on OH at n km altitude requiring 0.001 nm line width. A balloon-borne OH 
lidar system with AX = 0.001 nm is being built for stratospheric measurements. 

Needed development .- The assumed dye laser must be demonstrated and flight 
hardened. A more powerful (i.e., more efficient) laser system is desirable, 
and a factor of 10 improvement in UV laser energy is expected in the near 
future with eximer lasers. This would permit an OH measurement with a 10 km 
horizontal resolution and a 5 km vertical resolution. Greater power will also 
permit OH temperature and pressure measurements. 

Discussion .- Experiment 21 addresses objectives 2 and 5. Information about the 
daytime maximum and altitude distribution and fluctuations is important for the 
development of upper atmosphere models. OH is intimately connected with cata- 
lytic cycles of ozone destruction involving chlorine and nitrogen oxides. It 
reacts with NO 2 to form HNO 3 thus removing the NO 2 molecule from the catalytic 
cycle. It reacts with HCl to release atomic chlorine, returning it to the 
ozone destruction cycle. The only upper atmosphere OH measurements are local, 
in situ measurements using resonance fluorescence. 

It will be difficult to monitor upper atmospheric OH using ground-based 
lidar because the UV wavelengths involved are substantially absorbed by the 
stratospheric ozone layer. The combination of world-wide coverage and spatial 
resolution offered by the satellite-based UV lidar is not approached by any 
other proposed technique for the measurement of OH. 
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Experiment 22: Simultaneous Measurement of Metallic Atom, 

Ion, and Oxide Profiles 

Description .- Use multi wave length resonant scattering to obtain simultaneous 
altitude profiles of Mg, Mg'*", and MgO densities to provide information on the 
gross features of upper and lower thermospheric circulation. 

Implementation .- Nd pumped dye laser with doubler, tuned simultaneously or 
sequentially to resonance lines of Mg, Mg"*", and MgO, with filtered receiver 
viewing the nadir or zenith. Return-signal calculations have been performed 
using the following parameters: 


Laser 

wavelength 

Species 

sensed 

Backscatter 
cross section, 
cm2 atom“^ sr“^ 

Laser 

pulse 

energy, 

J 

Receiver 

passband, 

nm 

Receiver 
efficiency 
(including optics, 
filter, and PMT) 

500.0 


^3 X 10“^ 5 

0.020 

0.04 

0.03 

285.2 


9 X 10~13 

.002 

1.5 

.02 

279.6 


3 X 

.002 

1.5 

.02 


^Effective cross section for absorption in one rotation line of the 0-0 
(B -► X) band and reemission in the same line. 


Laser line width (Note 1, pm; laser stability (Note 1), «0.2 pn; 
laser pulse rate, 30 Hz; receiver diameter, 1 m; receiver FOV, 

0.2 mrad; sunlit Earth radiance, 3 x lO^^ (visible), 8 x lO^ (UV) 
photons nm~^ s”^ sr"^ cm”^ 

Note 1 : Laser line width and stability requirements can be relaxed at the 

expense of lower return signal and degraded measurement accuracy. 

The results of these calculations for a measurement with ±20-percent accuracy 
of the average concentration in a 5 km range cell - all at a distance of 100 km 
frcxn the Shuttle - are given in figure A19. The along-track integration needed 
for the measurement of representative densities of Mg (10^ cm“^) , Mg"*" (10^ 
cm^) , and MgO (10^ cm“3) is small enough to provide useful data on the meso- 
scale variability of all three species at night and on the variability of Mg 
and Mg'*" during the day. Note that all three wavelengths are assumed available 
simultaneously with the stated energies at 30 Hz. Sequential operation at each 
wavelength will increase the along-track integration distance in the figure 
inversely with the duty cycle of each wavelength. The scientific objectives 
require that the measurements of the different species be made at the same 
time, rather than on sequential orbits. 

All orbital inclinations are useful, with low-latitude regions being of 
special interest to investigate the suggested equatorial origin of high- 
altitude metallic ions. Data can be compressed somewhat before being stored 
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or transmitted, probably needing about one altitude profile per second for each 
species with 5 km height resolution. Receiver FOV and bandwidth requirements 
could be relaxed for a nighttime-only scenario. 

Feasibility .- 3C because of multiple wavelengths and long operating times; 3B 
if only Mg and Mg'*" are measured using the same hardware as experiment 12. 

Needed development .- Space qualification of narrow-band, frequency- agile dye 
laser . 

Discussion .- This experiment addresses the upper atmospheric motions of concern 
in scientific objective 5, as well as the chemistry and transport of thermo- 
spheric species covered in scientific objective 6. The source function for 
magnesium is known to be localized near 90 km, and yet Mg+ is found in sub- 
stantial quantities above 500 km. The height and latitude distribution of the 
source function is known well enough that a measurement of the altitude and 
latitude partition among Mg, Mg'*", and MgO would provide information on the 
gross features of upper and lower thermospheric circulation. Measurements of 
Mg and Mg'*" only would also provide valuable information on ionospheric circula- 
tion but would not address the critical 70 to 120 km turbopause region where a 
substantial fraction of the magnesium inventory will be in the oxide form. 

An alternative set of metallic constituents is the Fe (259.9 nm) , Fe"'" 
(385.9 nm) , FeO (579.0 nm) complex, which is present with roughly equal densi- 
ties as the magnesium complex, and would provide data of equal scientific 
interest. Laser capabilities at the required wavelengths will determine which 
metallic complex is preferred for measurement. In either case, space-borne 
systems are needed because the UV lines are ozone shielded from ground 
observations. 

Lidar is the only technique capable of measuring all three species simul- 
taneously and the only technique capable of measuring Mg and Mg"’’ simultaneously 
in the nighttime. 
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Figure AT 9.- Performance calculation for lidar measurement of metallic atom, 
ion, and oxide profiles. Curves show dependence of along- track integra- 
tion distance needed for +20 percent measurement accuracy on density of 
species at measurement point. 
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Experiment 23: Tropospheric NO 2 Concentration Profile 

Description .- Measurement of tropospheric NO 2 density between 0 and 4 km and 
total NO 2 column using DIAL techniques in the 450 nm spectral region. The 
total burden measurement assumes scattering from the ground. These data are 
particularly important in ozone chemistry. 

Implementation .- Experiment 23 is to be performed at orbital altitudes of 250 
to 300 km under nighttime viewing conditions. Instrumentation includes: 1 m 

diameter receiver; standard Nd:YAG laser frequency doubled (tripled) to pump a 
dye with output near 450 nm at 0.01 J and 10 Hz; 1 mrad FOV; 0.5 nm PWHM wave- 
length filters; 10-percent system optical efficiency, and PMT detectors having 
a QE of about 20 percent. Spatial resolutions of 500 km horizontal (along- 
track) and 1 km vertical at accuracies less than or equal to 20 percent were 
set as goals for the 0 to 4 km altitude range, while the total burden goals 
are for 10-percent measurements with a 10 km horizontal resolution. Simula- 
tions have indicated that very long integration times are required in order to 
retrieve the NO 2 differential signal at these desired accuracies. Figure A20 
shows simulated profile results for a similar lidar system, but one using DIAL 
wavelengths of 448.2 and 442.1 nm, laser output energies of 0.05 J at 10 Hz, 
and 20-percent optical throughput. The accuracies for 740 km horizontal 
resolution are at 0 km (10 ppb) , 20 percent; at 1 km (30 ppb) , 7 percent; 
at 4 km (3 ppb), 100 percent. These mixing ratios are typical of an urban 
center . 

Feasibility .- 3C. Very low-signal levels. Enhanced signal-to-noise ratios 
are required. 

Needed development .- System design studies, hardware testing, and aircraft 
based measurements for demonstrating experimental capabilities. Accurate 
simulations for total burden measurements are required. 

Discussion .- Provides quantitative global scale mapping of tropospheric pollut- 
ants and addresses objective 1 . Measurements of NO 2 concentrations in urban 
environments are extremely important for understanding tropospheric chemistry 
and for tracking downwind dispersal of urban pollution. Global measurements of 
tropospheric NO 2 are not available with any other technique. 
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Figure A20.- Simulation of tropospheric NO 2 DIAL measurement. NO 2 urban 
model; spacecraft altitude of 300 km; 7000 shots (740 km horizontal, 

1 km vertical); DIAL wavelengths of 442.1 nm and 448.2 nm; 0.05 J/pulse. 
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Experiment 24; Stratospheric Aerosol Ccxnposition 

Description .- Identification of the chemical composition of stratospheric 
aerosols using pattern-recognition techniques with multi wave length (infrared) 
aerosol backscattering (DISC differential scattering) . This information would 
be important for determination of the climatic and environmental effects of 
stratospheric aerosols. 

Implementation .- Experiment 24 can be performed under both nighttime and day- 
time viewing conditions. A preliminary study of instrumentation indicates 
that sufficient lidar sensitivity is obtained at a 220 km orbital altitude 
with a 1 m diameter receiver, standard line tunable (9 to 11 Mm) CO2 laser 
with a 20 J output at 1 Hz, «1 mrad FOV, and nitrogen cooled HgCdTe IR detec- 
tion (or heterodyne detection) . Measurement principle is based on the fact 
that aerosol backscatter coefficients show a dependence on wavelength that is 
characteristic of the aerosol composition, as shown in figure A21 . Simulations 
indicate that pattern recognition techniques based upon a comparison of a mea- 
sured backscatter with calculated backscatter will provide an identification 
of stratospheric-aerosol constituents. This analysis needs to be extended to 
include the problem of distinguishing backscattering from multiple aerosol con- 
stituents and the effects of interfering gases. The possibility of requiring 
a broader wavelength range than 9 to 11 pm is currently under investigation. 
Present simulations provide only very rough estimates of spatial resolution; 
present estimates are on the order of a few km vertical resolution, and a few 
hundred km horizontal resolution. 

Feasibility .- 4. The DISC measurement principle is in a preliminary stage of 
concept development. 

Needed development .- Conceptual developnent must be continued; sensitivity 
analysis on the aerosol composition must be extended; and the feasibility of 
the experimental technique must be demonstrated. 

Discussion .- This experiment contributes to scientific objective 1 by providing 
data on the mass and global transport of certain pollutants in the aerosol 
phase; to objective 2 by characterizing the composition as a function of 
global location of the aerosol sink for stratospheric trace species; and to 
objective 3 by providing the bulk composition of the stratospheric aerosol for 
refined estimates of their radiative effect. Of special interest is the possi- 
bility of monitoring stratospheric aerosol composition changes during volcanic 
episodes and perhaps anthropogenic stratospheric pollution episodes such as the 
satellite solar power system construction phase. DISC could provide a powerful 
tool for tropospheric aerosol analysis as well if the backscatter signatures of 
different tropospheric aerosols are unique enough for the technique to work. 

DISC offers the potential for a unique capability for remote sensing of 
the chemical composition of aerosols on a global scale. 
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Experiment 25; NO Density Profiles Between 70 and 150 km Altitude 

Description Altitude profiles of NO will be measured by resonance scattering 
or fluorescence using a tunable laser which is frequency doubled into the NO 
■y-bands or suitable excimer lasers that may be developed in the future. Demon- 
stration on the Shuttle is important for development of global monitoring of 
NO. The D-region of the ionosphere, between 70 and 100 km altitude, is formed 
largely through the ionization of NO by solar Lyman-ot radiation. The abundance 
of NO and its transport at higher and lower altitudes are fundamental questions 
in the physics and chemistry of the atmosphere. A global, remote measuring 
technique for NO is highly desirable. 

Implementation .- Nd:YAG, frequency tripled to 353.3 nm, pumping a tunable 
blue dye laser that, in turn, is frequency doubled into the NO y-band region 
(»215 nm) . With this laser design, NO density can be determined with 
20-percent accuracy for Z = 70 km to 150 km, Az = 3 km, and Ax = 1 00 km. 
Several independent calculations of NO lidar performance have been made for 
3 km deep segments of 100 km long swaths through the atmosphere below the Space 
Shuttle. Assumptions include (a) an overall electr ical-to-optical conversion 
efficiency of 3 x 1 0“® for X « 21 5 nm, (b) detector efficiency of 1 0 percent, 
and (c) concentrations of NO = loVcm^ for Z = 1 00 km and 10®/om^ for 
Z = 70 km. No quenching corrections were made for collisions prior to reradi- 
ation of NO. The detected photon numbers are of order 25 for Z = 70 km and 
of order 20 for Z = 1 00 km, to within 1/2 order-of-magnitude discrepancies 
between the calculations . These are acceptable signals for detection but call 
for longer swaths in the range Ax = 500 km for decent measurements of NO. 
Greater accuracy and resolution will be possible if efficient UV lasers are 
developed for satellite applications. 

Feasibility .- 4. The main question at present is the reliability of frequency 
doubling this far into the UV, given that the blue laser line width should be 
small (0.0005 nm) . At present the excimer laser alternative appears to be at 
least as difficult as the proposed method. 

Needed development .- Coherent ultraviolet light sources need considerable 
development for measurements of important atmospheric species. Improvements 
are greatly needed in UV frequency doubling and in the use of excimer systems 
both as oscillators and amplifiers. Nonlinear mixing techniques, using con- 
ventional solid materials, may make it possible to work at shorter wavelength 
(»1 90 nm) where the NO optical cross sections are larger than at 215 nm. This 
is a promising method that needs further work. Also, more accurate lidar sim- 
ulations need to be calculated for a range of atmospheric models. 

Discussion .- Measurement of NO relates to objectives 2, 6, and 7. Lidar pro- 
vides the only remote sensing method for NO which would give spatial resolution 
simultaneously in all three dimensions. Existing methods are in situ (local 
ionization, chemiluminescence, IR laser absorption, ion composition) or passive 
remote sensing techniques involving integration over a path length (y-band 
emission or absorption, IR absorption) . On the Solar Maximum Mission (launch. 
Fall 1979) NO profiles from 80 to 120 km will be obtained at the terminator via 
UV solar occultation spectra to be taken with a Tandberg-Hanssen instrument. 
Also, the Solar Mesosphere Explorer now includes a spectrometer for measuring 
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excited molecule emission above the Earth's limb in the altitude range 40 to 
80 km; the NO y-bands are included in this study. 

Lidar fluorescence is based on a large optical cross section of order 
10 “^® cm^ and an efficient placement of single-frequency excitation within 
an NO absorption band. In the mesosphere, NO is affected by transport above 
1 00 km and by propagation of disturbances from the lower atmosphere. The 
transport of NO itself, both horizontally and to lower altitudes, may be 
important in the stratospheric abundance of odd nitrogen, but no information 
is available at this time. NO is created by charged particle deposition in 
the atmosphere and acts to deplete ozone in the upper stratosphere and meso- 
sphere by means of the well-known catalytic cycle which converts odd oxygen 
into even oxygen species. This effect needs to be measured directly and in 
detail during charged particle events. Global maps of NO will be produced 
in the form of density contours as functions of latitude and altitude and in 
correlation with such species as O 3 and OH. 
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Experiment 26; Abundance and Vertical Profiles of Atomic Oxygen 

Description .- Altitude profiles of [ol will be measured by two-photon fluores- 
cence spectroscopy, using very short pulses of tunable radiation at 225.6 nm. 
Atomic oxygen is a major constituent of the upper atmosphere. Knowing this 
distribution in the mesosphere and lower thermosphere is essential for under- 
standing the photochemistry of oxygen and water and the transport processes 
occurring in the transition from turbulent mixing to diffusive separation. 
Development and testing of a two-photon method for measuring [ol from the Space 
Shuttle is an important step towards global measurements of species for which 
standard UV fluorescence techniques will not be applicable due to short range 
extinction . 

Implementation .- Mode-locked NdtYAG laser, frequency tripled to pump mode- locked 
dye laser near 450 nm. This output is doubled to 225.6 nm and amplified to the 
energy required. At present, 1 mJ at 225.6 nm is probably feasible using the 
baseline laser system and conventional amplifiers and doublers. A good measure- 
ment of [q] from the Shuttle will need a diffraction-limited, 1 J pulse; excimer 
amplification should be considered for these energies. 

Two-photon excitation of 2p^ 3p ^p state of atomic oxygen 
(a « 7 X 10“^® cm^ s) followed by fluorescence at 844.9 nm, which is detected 
using a 1 m^ collecting telescope filtered to 0.01 nm spectral bandwidth. Fig- 
ure a 22 shows photon returns expected for a 1 J, 20 ps pulse at 226 nm and for 
a 1 km altitude resolution. Accuracies of order 5 to 1 0 percent in [ol can be 
obtained above 80 km. A major laser development effort is needed for this 
important experiment. 

Feasibility .- 4. In addition to UV operation requiring the frequency-doubling 
as proposed, or an excimer equivalent, mode locking is needed for sufficient 
power density in the beam to have efficient excitation of [ol . Mode locking 
has been obtained with tunable pulsed systems in the blue. 

Needed development .- Two levels of development are needed: one is the exten- 

sion of relatively familiar methods leading to pulse energies of order 1 mJ at 
225.6 nm and the second is to augment the first type of device with excimer 
amplification. A major program of UV laser developnent is needed to support 
the proposed type of geophysical measurement. A capability for single mode, 

20 ps, 1 J pulses at 225.6 nm would make possible an [ol measurement having 
5- to 10-percent accuracy down to 80 km with an altitude resolution Az = 1 km. 

A possible laser development direction for energetic UV pulses is the use of 
excimer systems to amplify from the 1 mJ level to the 0.1 to 1 J output 
required. This may require multipassing within the excimer amplifier because 
of the shortness of 20 ps pulses compared to relaxation times for the excimer 
system. 

Discussion .- The measurement of [ol relates directly to objectives 6 and 7, and 
indirectly to objective 2. Lidar affords the only way to obtain a global map 
of the 0-atom altitude distribution. A measure of the [ol profile between 80 
and 1 50 km would provide knowledge of the photodissociation of molecular oxygen 
as well as eddy and molecular diffusion processes since the chemical lifetime 
of atomic oxygen is less than 1 day at 80 km and greater than 1 day at 95 km 
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where diffusion becomes dominant. The study of [ol is essential to the under- 
standing of the relative roles of photochemistry and diffusion and to the under- 
standing of ozone and odd hydrogen photochemistry in the upper mesosphere. The 
measurement would be quite valuable when conducted simultaneously with a molec- 
ular species such as O 2 or N 2 . Ozone, OH, and other photochemical products 
should be included in measurement programs focusing on photochemistry. 

The two-photon method is necessary for lidar measurements of 0-atoms. 
Ordinary resonance fluorescence of [ol at 130.4 nm is not useful beyond «<100 m 
from the Shuttle due to absorption of the light. The two-photon cross section 
is fairly certain and should be verified by measurement. 

Laser considerations are paramount. Given 10-percent efficiencies in each 
of the three stages following the generation of 20 ps, 1 J Nd;YAG pulses, one 
has 1 mJ pulses at 1 0 Hz to work with at 225.6 nm. Background and signal con- 
siderations lead one to believe that 10^ such pulses are needed to give 
SNR » 1 for detection of [ol against optical background (nadir) . For single- 
pulse measurement, «100 mJ would meet the same criterion; and a pulse energy 
of 1 J at 225.6 nm would make possible a very good determination of [ol down 
to 80 km. At the 1 mJ level of performance, then. At « 1000 s is required; 
hence, Ax <» 8000 km or about 1/5 of the Earth's circumference. Though low- 
energy pulses are not useful for a Shuttle based geophysical experiment, they 
will serve to conduct more local measurements in the atmosphere during the 
laser development program. Other atomic species may prove susceptible to local 
atmospheric measurements using the fully developed UV short-pulse system for 
Shuttle measurements of [ol . 
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Altitude, km 

Figure A22.- Expected photon returns from various altitudes to Shuttle 
observatory at 200 km, with 0-atom concentration assumed and indica- 
tion of photon-statistical errors in [o] for reasonable optical 
system. 
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LASERS OF POTENTIAL USE FOR SHUTTLE LIDAR 
INTRODUCTION 

The remote identification of particulates as well as atomic and molecular 
species from the Space Shuttle platform requires pulsed lasers for active 
(lidar) detection or CW lasers for passive (heterodyne) detection. The detec- 
tion of atomic species usually limits the laser source to the visible or ultra- 
violet spectral regions, while molecular species have many of their "spectral 
signatures" (vibrational-rotational transitions) in the mid-infrared (2 to 
20 Vim) . The detection of particulates (clouds and aerosols) is best done using 
lasers which operate in the visible to the near infrared regions where elastic 
scattering cross sections are Icirge. 

It is necessary that any laser system be sufficiently developed to operate 
in the restricted environment of a Shuttle vehicle. In order to meet the goals 
of an early 1980 's flight, the choice of lasers is probably limited to those 
that already have a demonstrated capability. Among those lasers are Nd:YAG 
and CO 2 which have already been extensively developed for airborne and military 
applications. Both of these lasers can operate either continuously or pulsed 
and have the best chance of producing results for the Shuttle program in its 
initial stages. 

It should be pointed out that even if one restricts the choice of laser to 
Nd:YAG and CO 2 , there is a wide range in the system design which may require a 
substantial develojxnent effort. The ultimate choice in system design depends 
upon what has to be detected. A careful assessment of how some realistic set 
of goals can be achieved with reliable laser technology must be made. It is 
important not to promise too much and to insure that the goals which are 
achieved will have a substantial impact on the political as well as scientific 
community. The real work on choice of the laser and detector technology will 
come when the specific tasks of remote detection frcxn the Shuttle have been 
identified. 


Nd;YAG LASER 

The NdtYAG laser has been extensively developed for military rangefinder 
and target designator applications. These devices are suitable for airborne 
applications and as man-portable devices. In the latter case, the entire 
package is only a couple of pounds in weight and can measure less than several 
inches on a side. In both cases, the lasers operate in the Q-switched mode 
with pulse widths of several nanoseconds and output energies ranging from a few 
to a few hundred milli joules. Operation conforms to standard "mil specs." The 
Nd;YAG laser can operate with about 1-percent overall efficiency at 1.06 VJm and 
about half that efficiency in the frequency-doubled mode. It can also be fre- 
quency tripled and quadrupled to produce useful outputs in the ultraviolet, and 
it can be used to pump a dye laser in the visible and UV spectral regions. 
Commercially available devices can generate about 0.5 to 1 joule per pulse in 
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10~S s at about 10 pulses per second at 1.06 ym in a fundamental spatial mode. 
Two basically different cavity configurations are used to achieve an output in 
a fundamental spatial mode. One of these is an unstable-resonator arrangement 
which has some advantages in extracting more fundamental mode energy than other 
configurations. Several ccxnpanies offer various versions of this laser, see 
table BI as an example, and there should be no difficulty in space qualifica- 
tion. Normally, NdrYAG lasers operate in a number of longitudinal modes with 
an envelope bandwidth of about 0.5 cm“^ due to spatial "hole-burning" in the 
laser medium. Recent results have shown that nearly all of the multimode 
output energy from a Q-switched Nd;YAG laser can be extracted in a single 
longitudinal mode. An intracavity electro-optic modulator together with two 
quarter-wave plates is used to hold off laser action until "super-radiant" 
line narrowing of the gain bandwidth to less than the axial mode spacing 
occurs. At that point, the modulator is opened and oscillation occurs on a 
single axial mode. While further work is necessary to improve the stability 
and reliability of this technique, such a device could greatly improve the 
sensitivity of seme lidar systems by allowing use of coherent detection. A 
commercial version of this is apparently available from the Quanta-Ray Company. 
Local oscillators for such systems could be the quaternary diode lasers 
GalnAsP/InP which have demonstrated CW output powers of several milliwatts in 
a single axial mode when operated at room temperature. An advantage in using 
heterodyne detection at 1.06 ym is the greatly increased sensitivity from the 
reduced bandwidth (»16 MHz for a 10~® s transform limited pulse) over an opti- 
cal transmission filter (bandwidth «0.5 nm) to reduce background photon noise. 
There is also an advantage in use of high-quantum efficiency photodiodes over 
photomultiplier tubes at 1.06 ym. The complexity of heterodyne detection is 
an obvious disadvantage. For remote wind measurements at 1 ym, a velocity of 
1 m/s would require a laser pulse width longer than 160 ns in order to start 
to resolve the Doppler shifted signal. For a 10 ym laser, the conparable 
pulse length would be 1.6 ys. Of course, significantly longer pulse lengths 
are required to simplify the signal processing. Stretching out of Nd:YAG 
laser pulses, while not impossible, is difficult. Typical 1-J Q-switched 
output pulses frem a Nd:glass laser are usually 30 to 50 ns, and the pulse 
stretching can be somewhat simpler than for Nd:YAG lasers. 

The Ndiglass laser in a face-pumped slab configuration (see fig. Bl) has 
been extensively developed by the General Electric Company and packaged into a 
conpact form suitable for military airborne applications. The performance of 
this laser is at least as good as Nd;YAG lasers and can generate 1J at 10 to 
30 pps in a 50 ns pulse width. A significant advantage of the Nd: glass laser 
is the ability to tune the laser itself over its spontaneous linewidth 
(»200 cm~^ ) using an intracavity tuning element. This could be a significant 
advantage for obtaining tunable frequencies in the UV and visible regions with- 
out the need for a dye laser. The Ndtglass laser output can be Raman frequency 
shifted with about 50 percent photon conversion efficiency using a large number 
of materials with various Raman frequencies. Subsequent frequency doubling, 
tripling, and quadrupling using conventional mixing crystals could cover all 
the wavelengths needed for the experiments defined in appendix A. A systems 
analysis would have to be performed in order to weigh the trade-offs between a 
NdrYAG and a Nd: glass based system. 
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A large number of Nd transitions have been made to oscillate in the range 
0.94 to 1.8 ym with individual transitions being tunable over a few wave num- 
bers. Table BII lists some of the stronger transitions made to oscillate in 
Nd:YAG. In addition, Nd has been successfully used in other hosts such as 
YALO, SOAP, and the vanadates where the individual frequencies are slightly 
shifted. Use of such lasers may be considered where this is a fortuitous 
overlap of frequencies with some atomic or molecular transition but, in 
practice, may be impractical compared to other options. 

The ErtYLF (erbium: yttrium lithium fluoride) laser is commercially avail- 
able with pulsed outputs near 1.5 ym and 0.85 ym (50 mJ at 10 Hz). In partic- 
ular, a frequency doubled 0.85 ym output might be useful for pumping dyes,** 
but a detailed system analysis has to be made to compare it with a frequency- 
tripled Nd:YAG laser used for the same purpose. 

A new and very promising tunable solid-state laser is Cr^'*' doped alexan- 
drite (Cr:Al 2 Be 04 ) . This laser is being studied by a group at the Allied 
Chemical Company Laboratories in Morristown, New Jersey. Like the transition- 
metal tunable lasers described below, the Cr levels are strongly coupled to the 
host crystal lattice and therefore have strong phonon sidebands associated with 
the electronic transitions. The initial devices have been tunable in the 700 
to 800 nm region and operated with pulsed flashlamp excitation at room tempera- 
ture. Output energies were 70 mJ in 120 ns at 10 pps and 500 mJ in a 200 ns 
pulse. It appears quite possible to extend this output performance to 1J at 
10 to 30 pps. Use of such a laser as a primary tunable source could be 
perhaps more effective than an Nd:YAG dye laser combination or the Ndtglass 
Raman shifting-doubling schemes. Figure B2 shows the threshold-tuning curve 
for this device. At present the overall efficiency for this laser is low 
(<0.1 percent) . 


CARBON DIOXIDE LASER 

Carbon-dioxide-laser technology has been extensively developed for military 
applications, even more so than Nd:YAG lasers (except for target designators and 
rangefinders) . A good deal of this technology has been transferred to industry 
where CO 2 lasers are used for machining, drilling, and welding applications. 
Industrial welding lasers on automotive production lines routinely operate with 
20 kw of average output power. Some of these devices operate with electron-beam 
excitation followed by a sustainer voltage pulse while others operate only by 
direct electrical discharge pumping. Both methods of excitation have proven 
reliable for industrial welding type lasers. While e-beam pumping can be con- 
sidered as a relatively well-developed and reliable technology, it does repre- 
sent one more degree of complexity for Shuttle operation, especially since the 
very large e-beam injection voltages (>100 kV) are significantly larger than the 
voltages required for the direct electrical excitation lasers. A complete sys- 
tems analysis is required for any meaningful comparison. Some experts feel that 
if an output of several joules is required in each pulse, increased uniformity 


**This has already been demonstrated by Sanders Associates, Nashua, 
New Hampshire. 
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of e-beam excitation is an advantage over straight electrical discharge excita- 
tion. In a background-noise-limited lidar system, 15 joules per pulse at 10 pps 
is better than 1 joule per pulse at 150 pps. However, other systems require- 
ments may make this comparison less critical. 

The CO 2 laser can operate on dozens of lines in the 9 to 1 2 ym range for 
low-pressure (<1 atm) devices while a high-pressure (>15 atm) device can be 
continuously tuned over much of the same region. Overall power conversion 
efficiencies can be typically 10 percent for CO 2 lasers. There should be no 
major problem in space qualifying either a CW or pulsed CO 2 laser. The contin- 
uously tunable, high-pressure CO 2 laser has operated with line widths as low as 
100 MHz, pulse energies of 100 mJ, and repetition rates of several hertz, and 
is a viable candidate for Shuttle lidar applications. 

The Laser Development Corporation of Lexington, Massachusetts, has made 
some substantial progress in developing a single-frequency closed-cycle high- 
pressure tunable CO 2 TEA laser. A competitive but somewhat less sophisticated 
version of this tunable device is marketed by Lumonics of Canada, but without 
the closed-cycle capability. Both lasers use a UV preionization followed by a 
sustainer pulse. In principle, there should not be much more difficulty in 
space-qualifying (space-qualification here means unattended operation for 1 to 
2 weeks in the Shuttle) a high-pressure CO 2 laser than a 1 -atmosphere laser. 

In all likelihood, a maximum of 3 to 5 atmospheres of pressure using a few com- 
mon isotopic combinations of carbon and oxygen in CO 2 would be all that is 
required in order to achieve the required spectral coverage. 


DYE LASERS 

Dye lasers are particularly useful for remote detection using resonant 
fluorescence or Raman scattering, as has been demonstrated in several labora- 
tories throughout the world. One- joule devices using flashlamp excitation have 
been used in such experiments, while other devices with average output powers 
in excess of 100 W have been demonstrated. Perhaps the most useful configura- 
tion of a dye laser for the Space Shuttle would be one excited by a frequency- 
doubled (or tripled) NdiYAG laser. Some of the advantages of such a scheme 
would be the use of a space-qualified NdtYAG laser, avoidance of UV degradation 
problems of dyes in lamp pumped systems, and shorter output pulses for better 
range resolution. 

The optical to optical conversion efficiency of a dye laser pumped by a 
frequency-doubled Nd;YAG laser can approach 50 percent in the best cases for 
the most favorable dyes. A number of laboratories (Sandia and Lawrence 
Livermore) have demonstrated a transform limited line width output from such 
a dye laser with line widths on the order of 1 00 MHz or less and high conver- 
sion efficiencies. A few other laboratories have also used a multitransverse 
mode doubled Nd:YAG laser to pump a dye laser with 30 to 50 percent conversion 
efficiency into a TEMqo output. These performance figures are quite impressive 
and represent a substantial improvement over what the lidar committee had pre- 
viously considered. 
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RARE-GAS HALIDE LASERS 

The rare-gas halide lasers such as KrF and ArF, which have recently become 
commercially available, operate in the UV/visible region with about 1 -percent 
conversion efficiency and in a simple transverse electrical discharge similar 
to CD 2 lasers. These lasers, which by themselves are somewhat tunable, 
could become excellent sources to pump dye lasers or for some tunable nonlinear 
mixing scheme to produce outputs in the UV/visible region. Frequency shifting 
of these rare-gas halide lasers with high efficiency using stimulated Raman 
scattering has already been demonstrated. Figure B3 shows a number of primary 
excimer laser frequencies along with the frequencies obtained for a single 
Stokes shift using several gases. Average output powers from such lasers of 
up to 40 W have been reported. The accelerated development of these lasers 
both by industry and the military makes them serious candidates for at least 
second-generation Shuttle lidar applications. 


SEMICONDUCTOR DIODE LASERS 

Semiconductor diode lasers are commercially available and have demonstrated 
an outstanding spectroscopic capability in several laboratories. Continuously 
operating devices have covered the range from 2.7 to over 30 ym by use of sev- 
eral alloy composition materials and temperature tuning. While lasers which 
operate continuously at liquid nitrogen temperature have been fabricated, the 
broad spectral coverage from a single device requires operating at temp>eratures 
down to 20 K. Closed cycle helium refrigerators which are presently used with 
semiconductor diode lasers require between 1 and 2 kW of electrical power to 
drive the compressors. The reliability of lead-salt diode lasers has not 
reached the level of other laser devices, with the major problems still being 
lifetime and variable spectral output characteristics. For a limited set of 
program objectives, a 77 K device used in a heterodyne radiometer mode could be 
useful. 


NONLINEAR CONVERSION OF LASER FREQUENCY 

Nonlinear conversion of primary laser frequencies could be an important 
adjunct to generating outputs in wavelength regions of interest for remote 
detection. While most of the physical mechanisms that can produce tunable out- 
put frequencies are still in the laboratory stage, there are some techniques 
which are and can be used in a practical system. 

Second harmonic generation is probably the best such example of nonlinear 
frequency conversion where the primary source is an NdrYAG laser or a dye 
laser. In addition, second harmonic generation of CO 2 laser radiation using 
chalcopyrite crystals such as CdGeAs 2 is a viable means of extending the output 
frequencies of CO 2 lasers. Such crystals are in use at Lincoln Laboratory for 
remote detection studies of molecular effluents using inhouse grown material 
and could be made available for some Shuttle experiments. 

Sum and difference frequencies have also been generated using CW or pulsed 
CX) and CO 2 laser frequencies in CdGeAS 2 - By permuting the large number of 
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available frequencies available from each of these lasers, a very large number 
of sum or difference frequencies can be obtained over a substantial portion of 
the infrared. By using low-pressure gas laser devices (i.e., space-qualified 
capillary lasers) there would be no problem of frequency calibration or main- 
taining the precise frequency for detection of a particular specie. Enough 
power (several milliwatts) can be generated using small lasers for use as a 
local oscillator in heterodyning applications. 

Sideband generation on CO or CO 2 laser frequencies using an electro-optic 
modulator has produced enough power for lidar or heterodyning application. 

Tuning is performed by conventional microwave oscillators. The electro-optic 
crystal, CdTe, is presently the most efficient and has produced 80-percent 
pulsed conversion efficiencies for single-sideband generation using a CO 2 laser 
and modulation frequencies of several gigahertz. 

The optical parametric oscillator has been extensively developed by 
Professor R. Byer at Stanford University to the point of having its output 
wavelength controlled by a computer. Tens of milli joules at T 0 Hz can be 
obtained at wavelengths out to 2.5 ym with spectral resolutions near 0.1 cm“^ . 
Professor Byer has used his parametric oscillator system for remote detection 
studies in the troposphere. The parametric oscillator is still regarded, how- 
ever, as a complicated device which has difficulty in maintaining single- 
frequency operation with wide spectral coverage. 

Four-wave parametric frequency mixing could be quite useful in converting 
Nd;YAG, dye, or rare-gas halide laser radiation to wavelengths in the range 100 
to 1000 nm. The conversion efficiencies in many wavelength ranges can be quite 
high while maintaining the spectral purity of the primary laser sources. In 
the UV/visible regions, gases such as barium or sodium are used as the nonlinear 
media. Some of the disadvantages of this scheme are the complicated heat pipe 
technology required to maintain high vapor pressures of these alkali metals and 
the saturation of electronic levels which limits the power scaling. Four-wave 
mixing using pulsed CO 2 laser radiation has been demonstrated using commercially 
available single crystals of germanium with optical power conversion efficien- 
cies of several percent. Scaling of such a scheme to the modest energy levels 
required for Shuttle application is not out of the question. 

The field of tunable lasers is moving ahead quite rapidly, and new devices 
will be developed which will be more advantageous than those presently avail- 
able. One such development which bears watching is the solid-state lasers 
such as magnesium fluoride doped with the transition metal ions such as nickel, 
cobalt, or iron. These devices are presently being studied at Lincoln 
Laboratory using a CW or pulsed Nd:YAG laser as the excitation source. Nearly 
2 w of continuous output at 40 percent optical-to-optical power conversion 
efficiency has been obtained. These lasers are tunable in the range 1.6 to 
2.2 ym and can be operated either pulsed or CW using excitation from a NdzYAG 
laser, a flashlamp, a tungsten lamp, or an array of GaAs diode lasers. The 
primary tuning range of this device makes it ideal for frequency shifting into 
other IR frequencies using nonlinear mixing in crystals or Raman down conver- 
sion in gases. The refractory nature of the host crystal means that high aver- 
age powers can be expected from such a laser system (>100 W) . 
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The list of candidate lasers and their characteristics in table Bill is 
intended to generally indicate not only what choices are available but to 
demonstrate the complexity and breadth of laser technology. 
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TABLE BI.- QUANTA-RAY DCR LASER SYSTEM^ 


Parameter 

Oscillator 

Amplifier 

Etalon 

Without etalon 

SHG 

(c) 

THG 

FHG 

Wavelength, nm . . . 

1064 

1064 

1064 

532 

355 

266 

Pulse energy. 







mJ 

200 

700 

1^150/500 

•^70/200 

^25/80 

t»8/30 

Average power. 



>^1. 5/5.0 

^0. 7/2.0 

^0. 25/0.8 

t>0.08/0.3 

W at 10 pps . . . 

2 

7 


Pulse width 8 to 10 ns, nominal, at full drive 

Pulse repetition rate .... User selectable; single shot to 20 pps (average 

power constant above 1 5 pps) 

Mode Uniphase, unstable or diffraction coupled 

resonator (DCR) 

Beam diameter 6.3 mm, nominal 

Beam divergence Less than 1 .0 mrad 

Pulse energy stability .... Less than 5 percent peak to peak with amplifier 

and less than 7 percent peak to peak pulse to 
pulse, oscillator only 

Pulse jitter Less than 5 ns from Q-switch on pulse 

Utility service required . . . Electric: 190 to 250 V, 30 A, 50 or 60 Hz, 

single phase 
Water: 2J./min, tap water 


^Unstable or diffraction coupled resonator (DCR) . 

*^ual values are given for oscillator only/with amplifier. 

CType II KD*P crystal; type I KD*P crystal values are about 30 percent 

less. 
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TABLE Bill.- LASER SOURCES 


Type 

Wavelength 

Single-mode (TEMqo) 
output 

Device 

efficiency, 

percent 

Comment 

NdtYAG 

1.06 pm 

<1j (app) at 10 Hz 
“10 ns pulse 

1 

Oscillator plus amplifier 
configuration 

CO 2 

9 to n Pm 
multiline 

1 to 10 J 
1 to 50 Hz 
“150 ns pulse 

5 to 10 

Many more lines with 
isotopes or with N 2 O 

CO 2 at 20 atm 

Tunable 
9 to n Pm 

0.1 J 
1 to 10 Hz 

5 


CO 

5 to 6.5 Pm 

Not a good pulsed source 

10 to 30 

Many lines with isotopes 

HP 

2.4 to 2.9 pm 

“1 J 

1 to 10 Hz 

10 

Line separation “40 cm~^ 
Toxic exhaust 

.. 

DP 

3. 5 to 4.2 pm 

J 

1 to 10 Hz 

10 

Line separation “20 cm“^ 
Toxic exhaust 

KrP 

250.0 nm 

100 mj with 100 ns pulse 

<1 

Slightly tunable (0.4 nm) 

ArP 

1 93. 0 nm 

50 mJ (pulsed) 

<1 

Commercially available 

XeP 

350.0 nm 

50 mJ (pulsed) 


Uses toxic gas system 

Semi conduc tor 

2. 7 to 30 pm 

0.1 to 10 iflW cw 

10 


diode 

0. 75 to 0. 9 pm 

GaAlAs 20 nW CW 

15 


Dye 

300 to 1000 nm 

0. 1 to 3 J 
With 100 ns pulse 
With 10 ns pulse 

“1 

10 to 30 

Flashlamp pumped or Nd.-YAG 
pumped using SH, TH of 
1.06 )Jm 

Copper 

Vapor 

">510.5 nm 
578. 2 nm 

10^ W peak 
10 to 20 W (average) 
10^ Hz repetition rate 

<1 (app) 

Not scalable 
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TRANSMITTING AND RECEIVING OPTICS CONSIDERATIONS 


INTRODUCTION 

In order to define detailed requirements for a Shuttle lidar receiving 
optics system, one must consider the application or set of applications for 
which it is to be used. Fortunately, however, most atmospheric applications 
require a similar class of receiving optics which is well within the state of 
the art and, therefore, general requirements can be bounded. Limits for the 
various hardware parameters can be used to produce an initial design concept. 
Convolved with these hardware considerations, such as instantaneous field of 
view, area, baffling, wavelength range, size, weight, thermal and mechanical 
stability, surface quality, etc., are economic trade-offs, such as cost and 
Shuttle power versus weight, and considerations for eye safety. Exposure to 
laser energy, for example, can result from viewing a laser beam with the 
unaided eye or with the use of binoculars or telescopes. In addition, con- 
siderations for pointing and the accommodation of different detection systems 
must be examined. 


LIDAR EQUATION AND SYSTEM CONSIDERATIONS 

The fundamental lidar experimental geometry is shown in figure Cl , where a 
laser pulse is shown propagating from a laser at point A with a divergence of 
6,p. Located a distance X from the laser is a receiving optics system at 
point B having area A and an instantaneous field of view of The gen- 

eral lidar equation for incident power P(X,R) on the receiving optics after 
crossover of the emitted laser pulse and receiver field of view is 


P(X,R) 


cE(X)Aqrp(X,AR)qj^(X ’ ,Ar) f (X,R) 
2r2 


where R is the distance from the scattering volume to the receiver, E(X) is 
the laser output energy, c is the speed of light, qrp(X,AR) is the transmis- 
sion at X fron transmitter to scatterer, qj^(X',AR) is the transmission at 
X' from scatterer to the receiver, and f(X,R) is the backscattering function 
at R for X. Wavelength X' indicates that the scattered energy could be a 
shifted wavelength, e.g., Raman scattering from nitrogen. Transmission is 
defined as 


q = exp(-T) = exp 


r 6(X,R)dR 
'^0 
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v^ere T is the optical depth and 6 is the extinction coefficient. The 
equation for the current from a photodetector would include the receiving 
optical system transmission and photodetector spectral sensitivity. One sees, 
therefore, that the received signal is directly related to the area of the 
receiver, the transmission of the optical-filter system, and the photodetector 
sensitivity. Thus, the larger the mirror, the more photons collected; and the 
greater the quantum efficiency of the photodetector , the greater the signal 
received. 

The background brightness noise, however, is dependent on the receiver 
field of view and the spectral bandpass of the optical-filter system. In gen- 
eral, the design should reduce the receiver field of view to as close to the 
transmitted laser pulse divergence as is possible and still maintain alignment. 
Obviously, the reduction of laser divergence is tied to the transmitting optics 
and laser safety considerations. (See fig. C2.) The safe radiation levels 
currently followed by civil and military laser safety officers are specified 
in the American National Standards Institute document ANSI-ZI 36.1-1 973. There 
is a considerable margin for argument, however, depending on the amount of atmo- 
spheric scintillation (beam focusing turbulence) and on how much protection 
should be provided for ground-based observers attempting to track a Shuttle 
borne lidar with light-gathering optics (binoculars or telescopes) . While the 
letter of the specification provides eye safety for anyone viewing through 
objective diameters up to 80 mm (exceptionally large binoculars), the intent 
may be violated unless protection is also provided for the many owners of 
telescopes of afpreciably larger aperture. Figure C2, therefore, shows the 
maximum permissible exposure for various collection optics up to 406 mm 
(16 in.) in diameter. In addition, the eye safety standard is somewhat laser 
wavelength dependent. The increased eye damage potential for the unaided eye, 
because of atmospheric focusing, however, presents a lesser hazard when aver- 
aged over larger apertures. The chosen design should also provide the minimum 
wavelength bandpass that is practical considering alignment of the filtering 
system and its transmission and considering the degree of collimation and beam 
size needed for the bandpass limiting device. For example, color filters need 
no collimation and can be fabricated in very large sizes, but the throughput of 
a Fabry-Perot etalon is very sensitive to collimation and beam size. Also, the 
photodetector's spectral responsivity depends in some cases on the angle of 
incidence of the collected light on the photocathode. 

Another consideration affecting the optics design is the minimum range 
before the lidar return can be analyzed, i.e., after crossover of the trans- 
mitted laser pulse and the receiver field of view (FOV) . (See fig. Cl.) This 
minimum range Rmin depends on X, 6rp, and Also, the scatterers view 

the receiver area with a solid angle of A/R^. For a one-meter receiver with 
an FOV of 10“^ rad, the scatterers will view the entire area when they are 
greater than 1 km distance. With an FOV of 10“^ rad, this distance becomes 
TOO km. For shorter distances the solid angle will be greater than the FOV 
allows, and a correction in the backscattering will have to be added that 
takes this into account. 

Thus, these various design parameters are interrelated. For example; a 
reduction in receiver FOV to reduce background increases the minimum useful 
range and increases the difficulty of alignment and thermal/mechanical sta- 
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bility; a reduction in laser beam divergence with a collimating telescope to 
reduce the atmospheric footprint (to increase horizontal resolution) increases 
the energy density at the Earth's surface, which may be beyond the maximum per- 
missible eye exposure, and increases the distance at which the full receiver 
area is used; a decrease in spectral bandpass to reduce background noise 
increases the difficulties associated with filter alignment and temperature 
control and usually results in a lower transmission. 


OPTICAL RECEIVING SYSTEM 

Candidate types of reflecting telescope designs for Shuttle lidar appli- 
cations are shown in figure C3. It appears that it is safe to rule out a 
refracting system for Shuttle because of weight-cost-quality and transmission 
arguments for a combined applications payload. Shown in table Cl are a number 
of studies which have been performed for large telescopes in space, and several 
of them have considered the lidar application. For example, SRI International 
considered three telescope configurations. Their pertinent characteristics are 
listed in table CII. The most exhaustive study is the ESA Spacelab report 
which presents a detailed design for a Shuttle lidar system. Table CIII lists 
design characteristics for Spacelab lidar telescope systems proposed by ESA, 

Per kin-Elmer , and SRI International. As can be seen, all three chose the Dall- 
Kirkham configuration of the Cassegrain telescope which uses an oblate spheroid 
primary mirror and a convex sphere secondary mirror. This configuration was 
chosen for a number of reasons, which include the relative ease and insensitiv- 
ity of alignment, simplicity of fabrication, ease of baffling, good throughput, 
accessibility of focal plane for coupling to a number of photodetectors, toler- 
able aberrations, and close proximity of the heaviest elements of the lidar 
receiver (i.e., the primary mirror and detector package can be located such 
that a low center of gravity near the Shuttle pallet floor is achieved) . 

For a number of applications, a lidar telescope need not be of high opti- 
cal quality (i.e., less than diffraction limited) since the signal is directly 
related to backscattered photons and mirror area. But for applications using 
heterodyning, the receiving optics should be diffraction limited. Heterodyn- 
ing, however, is generally performed using IR lasers and a reasonable quality 
visible telescope would be of high quality in the IR. In any case, one-meter 
X/5 quality visible telescopes are not very difficult to fabricate and should 
be used in order to accommodate all known applications. For example, the angu- 
lar size of the Airy disc for a typical one-meter telescope of this type at 
X = 1 )im is approximately 2.44 prad (0.5 arc sec). Coma, which is the prime 
aberration for a Dall-Kirkham, is 0.2 arc sec as shown in figure C4. Neither 
consideration appears very critical for typical telescopes to be used for the 
lidar application. 

Another requirement for the receiving telescope is the needed broad spec- 
tral range of operation from the UV to the thermal IR. Various mirror castings 
and their reflectance as a function of wavelength are shown in figure C5. As 
can be seen, aluminum offers good reflection over the entire range of most 
laser devices. Other advantages are its good adherence to glass and its abil- 
ity to be overcoated easily with Si02 or MgF 2 » Thus, one telescope should 
cover the entire spectral range of lidar applications. 
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DETECTOR COUPLING 

Another general requirement briefly alluded to earlier is the necessity to 
couple a telescope to a particular filter-optical-detector system. Figure C6 
shows a greatly magnified example of a ray trace for a telescope-lens combina- 
tion. The lens is used to collimate the light exiting from the telescope. If 
the telescope has an FOV of 6 then the decollimation of light emerging from 
an exit pupil, which is one-half the entrance pupil, is 26. Thus, to fully 
illuminate a 0.05 m diameter photomultiplier or an interference filter to 
achieve a 0.05 m collimated beam from a one-meter telescope, the FOV is magni- 
fied by a factor of 20. An FOV of 10“^ rad produces a beam of 0.02 rad decol- 
limation. For narrow spectral band operation, this becomes very important. 

The relationship for a Fabry-Perot design can be described by the etendue, or 
light-gathering power, of the combined telescope-interferometer system. Match- 
ing the etendue of the Fabry-Perot with the etendue of the telescope yields 


Dr6r = Dpp 



1/2 


where Dr is the diameter of the telescope entrance aperture, Dpp is the 
Fabry-Perot plate diameter, F is the finesse of the Fabry-Perot, 6X is 
the spectral resolution of the Fabry-Perot system, and Xq is the center 
wavelength being received. Figure C7 shows an analysis of this for a series 
of plate diameters by plotting the telescope FOV as a function of diameter 
for a fixed Xq = 0.6 ym and a free spectral range f 6X = 2 pm. The spectral 
resolution was 0.1 pm for these free spectral ranges. Figure C7 shows that for 
a one-meter telescope and Fabry-Perot diameters of 3 to 1 0 cm, the acceptance 
angle of the receiver should be approximately 10“^ rad. The efficiency for 
larger FOV's would be greatly reduced. Another way of plotting this relation- 
ship is shown in figure C8 (from Trauger and Roesler, 1972) where the ratio of 
the telescope diameter to etalon diameter is plotted as a function of FOV for 
various spectral resolutions. Again, it is seen that the bandpass limiting 
device might limit or dictate the field of view and, therefore, the laser 
divergence of the system. 


TRANSMITTING OPTICS 

In order to steer or change the divergence of a laser output, intervening 
optics must be addressed in a Shuttle lidar design. Typically, a telescope is 
used like the one shown in figure C6, but in the reverse sense. In order to 
decrease the divergence of a laser output, the diameter of the output beam is 
increased. The divergence is decreased in proportion to the ratio of the 
laser-beam diameter to the telescope-output-beam diameter. Steering can be 
accomplished by a two-axis beam sheerer driven, for example, by sampling the 
reflected pulse from a distant target with a quadrant detector. For the 
Shuttle, this could be the ground reflection. 
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EXAMPLE CONCEPTS 

As mentioned previously, a number of studies have produced conceptual 
designs for the Shuttle lidar atmospheric application. These designs, except 
for the environmental considerations of a Shuttle launch and orbital flight, 
are typical of a number of designs presently in use or in development for 
ground-based and aircraft-mounted lidars. A variety of these designs were 
presented at the Eighth International Laser Radar Conference held at Drexel 
University, Philadelphia, Pennsylvania, June 6-9, 1977. Copies of the con- 
ference proceedings can be obtained from the American Meteorological Society. 
An example design for an aircraft receiver system to measure stratospheric 
aerosols is shown in figure C9 . It is being developed by the NASA Langley 
Research Center to support satellite measurements of stratospheric aerosols 
and shows an example of the design considerations mentioned in the previous 
sections . 

The Perkin-Elmer design for the NASA Langley Spacelab-1 lidar proposal 
is shown in figures CIO and C11 . Table CIV lists a weight summary for this 
design. The ESA proposed design is shown in figure Cl 2. 


REQUIREJIENTS 

Based on the foregoing considerations, an initial list of requirements 
for the Shuttle lidar is summarized in table CV. These requirements have 
been derived from the best information available concerning the various 
atmospheric measurements that might be performed with a Shuttle lidar. 

An approach to the transmitting/receiving optics systems design might 
begin with, but not be limited to, the following initial studies: (1) Define 

spacecraft interface and environmental test requirements and volumetric 
limitations; (2) define optical design and tolerance analysis requirements; 
and (3) specify environmental and telescope performance test requirements. 
These requirements would be related to the results of further applications 
studies and system simulation calculations. After these iterations, detailed 
specifications will emerge that will become the design criteria for the 
transmitting/receiving optics system. Engineering analysis of the selected 
configuration will be performed to assure that the design meets the total 
lidar system requirements . 
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TABLE Cl.- TELESCOPE REFERENCE STUDIES 


ESA SPACELAB BORNE LIDAR 
FOR ATMOSPHERIC RESEARCH 

PHASE-A 

VOL. 1 & 2 

CONTRACT-ESTEC 
n° 2437/75-pp 

DOCUMENT 

n° DSES/SP/SC 
76/Ll /I 73 

ESA LARGE INFRARED 
TELESCOPE 

PHASE-A 

DP/PS (76) 18 

NEUILLY, 5/19/76 


PERKIN-ELMER TELESCOPE 

DESIGN FOR TRACE/SPACELAB 


REPORT NO. 13112 

9/1 5/76 

STARSAT-A SPACE ASTRONOMY 
FACILITY 


NASA TM X-73326 

JULY 76 
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TABLE CII.- PERTINENT CHARACTERISTICS OF THREE TELESCOPE CONFIGURATIONS 


Cassegrain 


Dall-Kirkham 


Fabrication difficulty: 
Primary mirror 

Secondary mirror 


Center obscuration 


Moderately difficult (paraboloid) 
Moderately simple (optical flat) 


Moderately difficult (paraboloid) 
Extremely difficult (hyperboloid) 


Moderately difficult (oblate 
spheroid) 

Extremely simple (convex sphere) 


Intermediate 


Overall telescope weight 


Ease of alignment 


Sensitivity to alignment 


Ease of mounting on pallet 


Ease of light shielding 


Most (added structure required to su^ort detector 
at front of telescope tube) 


Extremely simple 


Very insensitive 


Most difficult (detector must be supported at front 
of telescope tube; raises center of gravity) 


Control of effective focal length Minimal (governed solely by focal length of primary) 


Intermediate 


Extremely difficult 


Very sensitive 


Fairly simple (center of gravity 
near pallet floor) 


Very good 


Good (provides moderately broad 
amplification range) 


Least (telescope can be slightly 
shorter than Cassegrain) 


Relatively simple 


Relatively insensitive 


Fairly simple (center of gravity 
near pallet floor) 


Excellent (provides extensive 
amplification range) 
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TABLE cm.- SHUTTLE TELESCOPE DESIGNS 


Design 

Diameter 
of primary 
mirror , 
m 

Configuration 

F- number 
of primary 
mirror 

Exit 

pupil, 

cm 

FOV, 

mrad 

Perkin-Elmer 

0.5 

Cassegrain 

Dall-Kirkham 

P/10 

F/2 

2.5 

0.5 to 3 

ESA 

1.0 

Cassegrain 

Dall-Kirkham 

F/7.6 

P/2 

— 

0.1 to 1 

SRI International 

jm 

Cassegrain 

Dall-Kirkham 

1 

1 

1 

— 

1 
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TABLE CIV.- WEIGHT SUMMARY OF PERKIN-ELMER DESIGN 


Component 

Weight, kg 

Secondary mirror 

0.34 

Secondary support 

0.34 

Secondary support rods 

2.9 

Primary mirror 

22.7 

Primary support 

79.4 

Radiation shroud 

22.7 

Field stop assembly 

2.3 

Neutral density filter assembly 

2.3 

Etalon assembly . 

3.6 

Filter assembly 

2.7 

Flip mirror assembly 

3.4 

Laser (including heat exchangers and electronics) 

45.4 

Laser tilt mirror 

4.5 

Insulation 

9.1 

Etalon support plate 

4.8 

Collimating optics 

1.1 

Focusing optics 

1.1 

PMT ( two) 

1.4 

Power supply of PMT 

0.91 

Fold mirror 

0.68 

Temperature control/power supply 

4.5 

Miscellaneous hardware 

22.7 

Total 

238.9 
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TABLE CV.- PERFORMANCE REQUIREMENTS FOR SHUTTLE LIDAR 


AREA 

1 m 

FOV 

0.05 TO 5 mrad 

X 

0.2 TO 12 ym 

SIZE OF EXIT PUPIL 

LESS THAN 10.16 cm 

OPTICAL QUALITY 

DIFFRACTION LIMITED AT 10.6 ym 

STRAY LIGHT 

TBD BY CONTRACTOR 

ABERRATION 

LESS THAN 5 y rad 

MISALIGNMENT BETWEEN TELESCOPE 
AXIS AND LASER AXIS 

LESS THAN 20 yrad 

T(X) 

BETTER THAN 80 PERCENT BETWEEN 0.2 AND 12 ym 

TELESCOPE ALIGNMENT AND 
STRUCTURAL STABILITY 

SO THAT BLUR IS LESS THAN 5 yrad 

PHYSICAL VOLUME 

SEE SPACE TRANSPORTATION SYSTEM USER HANDBOOK 

PHYSICAL WEIGHT 

SEE SPACE TRANSPORTATION SYSTEM USER HANDBOOK 

LAUNCH, OPERATION, STORAGE, 
ENVIRONMENT 

SEE SPACE TRANSPORTATION SYSTEM USER HANDBOOK 

POINTING SPACECRAFT 

SEE SPACE TRANSPORTATION SYSTEM USER HANDBOOK 
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Figure Cl Transmitter/receiver beam geometry for typical lidar system. 



Figure C2.- Laser energy density on ground as function of beam divergence for 
different values of laser output energy. (Dashed lines indicate MPE for a 
particular receiving aperture and wavelengths from 0.4 to 0.7 Vtn.) 
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Figure C3.- Reflective-telescope configurations considered for Shuttle lidar 


Telescope 
D = 1 m 


Field stop 

3 X 10 ^ rad (600 arc sec) 



Figure C4.- Relationship of Airy disc and coma for one-meter Dall-Kirkham 

telescope configuration. 
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Figure C5.- Reflectance as function of wavelength for four different metal 

mirror coatings. 



Figure C6.- Magnification of field angle 6 with 
two-to-one coupling optics geometry. 
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L 


Angular diameter of source* \p, rad 
li i I \ 1_£ L 


5“ 


10" 20" 30" 


30’ 


-2 


Angular diameter of source, 4/, deg 


Figure C8.- Relative telescope to etalon 
of FOV for given instrument resolution 


aperture diameter ratio as function 
(from Trauger and Roesler, 1972). 
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Telescope configuration: Schmidt - 

•Clear aperture 35.5 cm (14 in.) 

• EFL 391 cm (154 in.) 

• F/NO. F/11 

.0j^y 3.0 mrad (0.172“) 

• Field stop dia. 11.7 mm 

• Lens #1 200 mm, F/5 

F/1.2 


Cassegrain 


Detector 

illumination 


• Lens #2 50 mm, F/ 


• Detector - PMT 

• Filter width 1 nm at 0.6943 jim 

5 nm at 1.06 pm 


• Polarizing beam splitter 

-Rejects 98% "S" polarized background 
-Transmits 98% "P" polarized signal 

Telescope 

obscuration 



Figure C9.- Telescope and coupling optics design for 35.5 cm diameter 

airborne-lidar receiver. 
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Figure CIO.- Spacelab-lidar receiver proposed by Perkin-Elmer . 
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SPECTRAL DISCRIMINATORS AND DETECTORS FOR SHUTTLE LIDAR 

Appendix D surveys possible methods and hardware available for spectrally 
isolating (or analyzing) and for detecting the received lidar signal. The most 
promising candidates are summarized, and other candidates and more detailed 
characteristics of all candidates are described. 


SUMMARY OF MOST PROMISING CANDIDATES 
Spectral Discriminators 

Interference filters are excellent candidates for use on a first-generation 
Shuttle lidar. These filters are the simplest method for useful spectral dis- 
crimination, featuring light weight, small bulk, unpowered operation, and a his- 
tory of lidar applications. Essentially, interference filters are fixed Fabry- 
Perot interferometers and are capable of bandwidths of 5 to 1 0 percent in the UV 
(0.2 to 0.3 ym) and 0.5 to 1 percent in the visible and infrared. Solid Fabry- 
Perot filters are similar in construction to common interference filters but use 
somewhat different techniques to achieve higher resolution. Typically, solid 
Fabry-Perot filters give a factor of 5 narrower bandpass than the interference 
filter devices but require a higher degree of thermal control, and so forth, to 
operate satisfactorily. 

Still better spectral resolution and the ability to tune are offered by 
Fabry-Perot interferometers in the visible and in the UV. A typical plane 
Fabry-Perot consists of a set of quartz plates, up to 1 5 cm in diameter, with 
a CERVIT spacer. Instrumental resolution is typically of the order of 0.1 pm. 
The diameter of the etalon plates depends on the telescope aperture and on the 
laser beam divergence, because the etendue, or light-gathering power, of the 
etalon should match the etendue (area times beam divergence) of the lidar tele- 
scope. For a telescope aperture of 1 m and a beam divergence of 10“'^ rad, an 
etalon with a plate diameter of 3 cm is appropriate, with a spectral resolution 
of 0.1 pm and a scannable bandpass (free spectral range) of 2 pm. The scanna- 
ble bandpass can be increased or decreased by changing the etalon plate 
spacing . 

Fabry-Perot interferometers have been used as receivers in ground-based 
atmospheric lidar systems, and a Fabry-Perot interferometer has been approved 
for flight in the Dynamic Explorer Satellite. As a class, they appear promis- 
ing for space-borne lidar use in wind measurements and other applications that 
require high resolution or tunability. 

Grating spectroiaeters are a less desirable alternative for the Shuttle 
lidar application, principally because of their greater size, weight, and 
complexity when compared to interference filters and etalons. It should also 
be remembered that the resolution of these devices is limited by the optical 
quality of the input beam, which could be considerably worse than diffraction- 
limited for down-looking lidar applications where the beam must be made eye- 
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safe. The limiting formula (derived by R. C. Honey of SRI International) for 
the single-pass resolution R is 


X 2.4W 

R = — < 

AX dB 


( 1 ) 


where 

W width of ruled grating, independent of order or number of grooves 

d diameter of lidar receiving aperture 

9 half-angle of lidar field of view 

An illustration of the importance of this limit is to calculate the size grat- 
ing required to obtain a resolution of 0.5 nm for daytime background rejection 
at 589 nm, with a ^ mrad (full-angle) lidar beam and a 1 m receiver. The required 
grating is 30 cm wide, obviously a poor choice for a spectral discriminator when 
compared to an interference filter. Spectrometers may, however, find an eventual 
lidar application in multiwavelength studies of fluorescent returns in eye-safe 
portions of the UV or IR where the lidar can be operated with a small field of 
view. 


Detectors 

Table DI summarizes the characteristics of the most promising detector can- 
didates for Shuttle lidar application. Photomultipliers are excellent candi- 
dates for use as Shuttle lidar detectors in the UV, visible, and near-infrared 
spectral regions. They have a history of use both in space and in lidar receiv- 
ers; moreover, recent advances give high promise of yielding useful measurements 
out to the 1 .06 ym line of the Nd:YAG laser. Avalanche photodetector modules 
are also making rapid advances and show good promise in this spectral region. 

At longer wavelengths, cooled semiconductor detectors (e.g., HgCdTe, InSb, 
PbSnTe) , used either in the photoconductive or photovoltaic mode, offer excel- 
lent promise for use on an early Shuttle lidar mission. These detectors have 
been used both in space and in lidar receivers previously. 

Heterodyne (i.e., coherent) detection in the IR has natural advantages 
over direct (incoherent) detection, both in sensitivity and in ability to mea- 
sure small wavelength shifts. However, the advantages in sensitivity may not 
be so great as is often thought, because the sensitivity of incoherent detection 
benefits greatly from the reduced field of view and (filtered) optical bandwidth 
used in lidar receivers. The trade-offs between incoherent and coherent detec- 
tion are described at some length in a later section. Coherent detectors have 
been used to make column-content gas measurements in a downward-looking airborne 
lidar system and may be expected to play a significant role in certain Shuttle 
lidar measurements . 

Increasing numbers of array detectors are being flown in a variety of 
spaceflight applications. One possible lidar application is spatial scanning 
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of the fringe pattern of a Fabry-Perot interferometer. Other possible applica- 
tions include resolving individual clouds within the lidar field of view, spec- 
tral analysis for the Doppler shift of the ground echo, and monitoring the 
transmitted wavelength. To our knowledge, none of these applications has been 
demonstrated; these applications are mentioned here as possibilities for later 
missions in the evolutionary lidar program. 

SPECTRAL DISCRIMINATORS 
Interference Filters and Solid Etalons 

Interference filters have been by far the most popular device for spectral 
discrimination in lidar systems to date. They are useful in the wavelength 
range 0.2 to 30 Pm, can be readily accommodated to thermal environments, 
require no power, are small and lightweight, and are available from a number of 
manufacturers. Essentially, they are fixed Fabry-Perot interferometers and are 
capable of bandwidths of 5 to 1 0 percent in the UV (0.2 to 0.3 ym) and 0.5 to 
T percent in the visible and infrared. They are constructed using alternating 
quarter-wave dielectric coatings on a substrate to form a reflective surface, 
plus a half-wave layer spacer, and a repeat of the quarter-wave coatings which 
form the second reflective surface. 

Of interest in the design of the telescope interface are the maximum 
acceptance angle and possible aperture size of interference filters. Since 
interference filters are Fabry-Perot devices, their resolution or bandpass is 
a function of acceptance angle, that is 

— = a02 (2) 

X 

where 

0 cone half-angle, rad 

6X bandpass for wavelength X 

a = 1/2 y*2 

y effective index of filter spacer 

Most often used as the spacer dielectric are ZnS(a » 0.5) and Cr (a « 0.25). 

It is the limitation of the spacer characteristics and the ability to apply the 
dielectric layers uniformly in the manufacturing process which limit resultant 
bandwidth of the filter. Since the filter is used in an optical system that 
has some finite angle of acceptance, the angular effects on the bandpass must 
also be considered in the system design. 

Solid Fabry-Perot filters are similar in construction to interference fil- 
ters. Normally the reflective stacks for interference filters have reflectivity 
for a broad wavelength range, and the spacer is many wavelengths thicker than 
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for a Fabry-Perot to achieve a higher resolution. Solid filters can be manufac 
tured along Fabry-Perot principles using quartz (or similar conductors) as the 
spacer medium. Typically, these devices give a factor of 5 narrower bandpass 
than the interference filter devices but require a higher degree of thermal 
control, and so forth, to operate. Interference filters drift as SX » 0.2S6t, 
where temperature 6 t is given in Celsius. These devices are manufactured for 
a given wavelength by including dielectric stacks in series with the solid 
Fabry-Perot. These devices can be tuned slightly by simply tilting in the 
objective plane. 


Fabry-Perot Interferometers 

Fabry-Perot interferometers provide a means of achieving finer spectral 
resolution than is possible with conventional interference filters and permit 
tuning over a wide spectral range. Fabry-Perot interferometers can be used in 
a continuous range of wavelengths in the visible and in the ultraviolet, with 
the limitations imposed by reflective coatings of the plates. The resolution 
is a function of the etalon finesse and spacing. An instrumental resolution 
of 0.1 pm is easily attainable. 

Fabry-Perot interferometers use both plane and spherical mirrors. For 
tuning, either pressure scanning or piezoelectric scanning systems are used. 

For space applications where high stability is required, permanently adjusted 
optically contacted plane etalons might be desirable. If this is the case, 
the scanning can be done spatially in the etalon fringe plane with an array 
detector . 

Permanently adjusted etalons can be air-spaced or solid. Solid etalons 
covering a range of spacings from 0.3 mm to 30 mm are currently available com- 
mercially. For a solid etalon, compared with an air-spaced etalon, the depend- 
ence of resonant wavelength on angle is reduced by a factor of n^, where n 
is the index of refraction. The n^ advantage, however, is more than offset 
by the difficulty in manufacturing a large-diameter device of sufficient opti- 
cal quality. The array of different Fabry-Perot types available is summarized 
in figure Dl . 

A parameter of importance in designing a Fabry-Perot interferometer system 
is the etendue V (V = aS^ where A is the beam area and is the beam 
divergence) or light-gathering power of the system. In comparing the charac- 
teristics of a plane and a spherical Fabry-Perot, it is necessary to consider 
the etendue of the two devices for a given free spectral range and instrumental 
resolution. Although a spherical Fabry-Perot offers the advantages of smaller 
physical size and weight and more rapid scanning, the plane Fabry-Perot is 
advantageous as long as the plate diameter is greater than the spacing between 
the plates. Since it is routine practice to manufacture plane plates to an 
accuracy of X/200 for any diameter up to 1 5 cm, the spherical Fabry-Perot is 
only advantageous if the required bandwidth or free spectral range is less than 
1 GHz. It should also be noted that, in practice, the spherical Fabry-Perot 
cannot be spatially scanned. By spatially scanning a plane device with an 
array detector, approximately a factor of 10 is gained in sensitivity. 
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The area where present Fabry-Perot technology is likely to be pushed to 
its limits is probably in the design of high spectral resolution optical radar 
receivers. Systems in which the whole interference pattern of the Fabry-Perot 
is imaged by means of a television camera or photodiode array are most promis- 
ing. Presently, this is an intensive area of investigation. 

Commercially produced Fabry-Perot etalons .- Plane optically contacted air- 
spaced etalons of large aperture are now available commercially. For example. 
Imperial College Optical Systems (ICOS) , London, is currently involved in the 
production of plates of diameters up to 1 5 cm and in the assembly of these into 
piezo-electrically driven etalons. Spherical Fabry-Perot etalons of free spec- 
tral range 7.5 GHz to 150 MHz and finesses in excess of 100 are available from 
ICOS and a number of firms in the United States. 

Spatial scanning methods .- As previously mentioned, one technique for tun- 
ing a Fabry-Perot interferometer is to spatially scan the fringe pattern of a 
fixed etalon. This can be achieved in a number of ways, for example, by using 
electronic imaging devices or a Hadimard mask, in terms of stability and sen- 
sitivity, equal-area array detectors in the image plane seem to be the most 
promising of all the scanning techniques. 

There are at least two technically feasible approaches to light detection 
from a Fabry-Perot interferometer used in a lidar system. Both employ a fiber 
optic bundle which converts the concentric ring bundle to a linear (or other) 
output wherein each linear element corresponds to a wavelength increment. One 
approach is to simply couple the linear array output of the fiber optical 
bundle to a bank of phototubes. Each tube represents a spectral element, and 
the output of the tube provides spatial information. High-speed photomulti- 
plier tubes and data processing are required for this case. For example, in 
the pulse counting mode, 30 counts in 3 ys (®>1 km resolution) is an instanta- 
neous count rate of 10 MHz, which is near the upper limit for pulse counting 
of moderate level signals. The photomultipliers and electronics are available 
from many sources, with a wide variety of photocathodes, packaging configura- 
tions, etc. 

An alternative approach which eases the need to respond to very fast 
signals is shown in figure D2. This method employs a streak tube which 
spreads the time-spatial information across an image array detector which 
permits low data readout rates during laser off time. The output of the fiber 
optic bundle provides spectrally spaced input to the streak tube; the line 
image is electrically or magnetically scanned over the output phosphor, creat- 
ing a two-dimensional wavelength versus time array. This information is further 
amplified by an image intensifier, the output of which is coupled in this case 
to a silicon diode array. 

The elements of this system are available from many sources in the United 
States. Streak tubes have been used in several laboratory applications and are 
now provided commercially. There are other hardware combinations which accom- 
plish the same result. The present example was chosen because it utilizes 
readily available parts. Weight for either detector system should be no more 
than a few kilograms. 
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Factors affecting performance of Fabry-Perot etalons on spacecraft .- The 
wavelength drift that can be tolerated in the operation of a Fabry-Perot etalon 
depends on its design and application. The stability requirements are most 
stringent in the measurements of atmospheric winds since a velocity of 5 m/s 
leads to a Doppler shift of only 0.01 pn at 0.6 un. The control or measurement 
of such a change would represent a real challenge. 

The factors affecting the stability of Fabry-Perot etalons have been out- 
lined by Caplan (1975); his analysis related specifically to a pressure-scanned 
spectrophotometer, but many of the considerations are of general applicability. 
The location of the etalon, either within the pressurized module of Spacelab, 
or on a pallet as in the configurations considered in the ESA Phase A Study 
(Spacelab Borne Lidar for Atmospheric Research, 1976), is relevant. A pallet- 
mounted instrument should be free of effects associated with changes arising 
from the influence of pressure and temperature on the refractive index of the 
gas and of atmospheric pressure on the etalon spacers. However, the need to 
control the etalon temperature, chiefly to minimize the thermal expansion of 
etalon spacers, could be more troublesome for a pallet-mounted etalon. Pres- 
ently available spacer materials, such as ultra-low-expansion titanium sili- 
cate, have temperature coefficients of about 1 0“®/°C and are capable of pro- 
viding a stability of about 0.01 pm - rather better than the frequency stability 
of the most stable gas lasers in the visible part of the spectrum. For scan- 
ning of etalons by piezoelectric stacks, the temperature stability is rather 
poor since the piezoelectric materials have coefficients some two orders of 
magnitude larger. By suitable design of etalon and choice of materials, the 
effect of thermal expansion could be minimized so that the required temperature 
control could be within the range attainable in Spacelab usage. 

Vertical mounting of the etalon plates would eliminate the effect of grav- 
ity also cited by Caplan (1 975) - compression of etalon spacers by the upper 
plate, and plate sag - in testing of the system prior to launch; during opera- 
tion no such effects would occur. 

A Fabry-Perot interferometer has been approved for flight in the Dynamic 
Explorer satellite. This flight should provide some practical experience with 
the actual effects of the factors described above. 


DIRECT, NONARRAY DETECTORS 
Photomultipliers 

Photomultipliers have been the most popular type of lidar detector for 
work in the visible and near-ultraviolet regions. The reasons for this popu- 
larity include fast rise time, appreciable quantum efficiency, and high inter- 
nal gain; these factors eliminate the need for a low-noise preamplifier and 
permit detection of single photons. The quantum efficiency of a given tube is 
usually a rather strong function of wavelength and is determined by the partic- 
ular photoemissive material used in its photocathode. Figures D3 to D5 show 
some examples of spectral response curves for various photocathodes. As can 
be seen, most materials have peak sensitivity for wavelengths between 200 and 
800 nm, although some materials have useful sensitivities for wavelengths as 
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long as 1.1 ym. Especially noteworthy is the InGaAsP photocathode (not shown 
in figs. D3 to D5) , which has a quantum efficiency of 2 percent or more at the 
1.06 ym wavelength of the Nd:YAG laser. (See for example Escher et al.,1976.) 
For the entire 200 to 1100 nm region and the complete set of photocathodes 
shown (figs. D3 to D5) , quantum efficiencies range from less than 0.1 percent 
to as high as 30 percent. 

Photomultipliers do require a high-voltage power supply, and in certain 
applications they require cooling to reduce dark current to acceptable levels. 
Nevertheless, many photomultipliers have already been used in space with very 
satisfactory performance. 

The problem of detecting 1.06 ym return signals deserves special atten- 
tion, both because of the selection of the Nd:YAG laser as a preferred source 
for space-borne lidar (appendix B) and because of the attractiveness of its 
1 .06 ym output for aerosol studies (appendix A) . Over the last few years, 
very significant advances in PMT performance have been achieved at 1 .06 ym, 
primarily as a result of work on classified military infrared systems. An 
example is the Varian PMT model VPM-164A, which appears to represent the cur- 
rent state of the art in devices available for unclassified projects. Its 
indium gallium arsenide phosphide (InGaAsP) photocathode has a quantum effi- 
ciency of 2 percent or better at 1.06 ym. This is about the same efficiency 
that has been employed in lidars for many years at the ruby wavelength using 
the S20 cathode. The InGaAsP photocathode is a very significant improvement 
over the 0.5 percent QE previously available in SI photocathodes. In addi- 
tion, the internally-generated noise level has been reduced to the point 
where, with moderate cooling, this noise component can be made negligible 
(less than 100 pulses per second) - again comparable to the best performance 
available at the ruby wavelength of only a few years ago. The noise perfor- 
mance of the Varian VPM-164A tube is discussed in more detail by Evans (1977). 
It should be noted that these tubes require special care, including continuous 
cooling to -20° C or below. 

The Varian VPM-164A tube is in the process of being space-qualified and 
should have met all the space requirements (pressure, shock, humidity, etc.) 
by the time construction of a Shuttle lidar actually begins. In addition, its 
suitability for lidar applications (i.e., its rise time, uniformity of output, 
pulse shape, tendency for signal-induced noise, ruggedness, quantum efficiency, 
etc.) has been tested under a contract from NASA Langley Research Center to SRI 
International (Evans, 1978). If the PMT and other factors are found suitable, 
it will be used in a new airborne stratospheric aerosol lidar system being 
built by the NASA Langley Research Center. (See, e.g., Russell et al., 1978.) 
Expertise gained thereby should aid in evaluating the tube for space-borne 
lidar applications. 


Photodiodes 

Photodiodes, like photomultipliers, are based on the photoemissive effect, 
but they do not include an internal electron multiplier for amplification. 

Some vacuum and solid-state photodiodes offer rise times (0.1 to 100 ns) fast 
enough for lidar application. A YAG 444 photodiode was used to detect 1.06 ym 
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returns on the ASSESS-II Spacelab lidar simulation mission conducted jointly by 
NASA and ESA in June 1976. 


Avalanche Photodetector Modules 

A device that falls into a middle ground between the photomultiplier tube 
(PMT) and the ordinary photodiode is the avalanche photodetector module. In 
the near infrared, avalanche photodetector modules have the advantages of 
higher quantum efficiencies than PMT's (15 to 30 percent as compared with about 
3 percent for the 1060 nm PMT described above), while also having some internal 
electron gain. Because a low-noise preamplifier is required as part of the 
module, the gain is not as high as for PMT's. (See table DII for comparison.) 
Since there have been great advances in both types of detectors in recent 
years, their advantages should be carefully compared before hardware selection 
is made. 


Photoconductive and Photovoltaic Detectors 

In most of the infrared region of the spectrum, photoemissive elements are 
not available, and one must employ thermal or quantum detectors which exhibit 
internal photoeffects such as the generation of electron-hole pairs. This 
charge generation can either change the resistance of the device (yielding a 
photoconductor) or (for p-n junction detectors) produce a voltage (yielding a 
photovoltaic detector) . The wavelength range of a detector is determined by 
the band gap of the material (for intrinsic detectors) or the ionization energy 
of impurity levels (for extrinsic detectors). Intrinsic detectors are avail- 
able for wavelengths to about 14 ym, while radiation at longer wavelengths can 
be measured using extrinsic detectors. Table DII lists some presently available 
detectors. 


HETERODYNE DETECTORS 

With increasing wavelength in the infrared region, heterodyne (coherent) 
detection offers the promise of greatly increased sensitivity relative to that 
achievable with direct (incoherent) techniques. Coherent detection involves 
the mixing of two electromagnetic signals in a detector such that the magnitude 
of the beat frequency component is given by 


ilF = 


^2nGe 

hv 


(PloPs) 


1/2 


( 3 ) 


where 

ijF detector current at beat (difference) frequency 

n detector quantum efficiency 
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G detector gain 

e electronic charge 

hv energy of one photon 

PliO local oscillator power impinging on detector (larger of two 

electronagnetic signals) 

Pg power on detector from signal to be measured 

It is clear that the heterodyne signal increases as the local oscillator power 
is increased, thus permitting the desired signal to override shot noise from 
the background and from succeeding amplifiers. Optical heterodyne detectors 
exploiting this basic principle have been built and used in many applications, 
including column-content gas measurements with continuous-wave CO 2 laser sys- 
tems. (e.g., Menzies and Shumate, 1976, Shumate and Menzies, 1977). Some 
examples are shown in table Dill. 

In addition to its potentially greater sensitivity, heterodyne detection 
also has natural advantages over incoherent detection in the measurement of 
small frequency increments (such as Doppler shifts and pressure broadening 
of spectral lines). These advantages, together with the greater sensitivity, 
could make coherent detection the method of choice in many space-borne lidar 
applications. Nevertheless, because of the increase in experimental complex- 
ity necessitated by a decision to use coherent detection, it is important in 
making this decision that coherent and incoherent methods be compared on an 
equal footing. As a guide to the experiment designer, therefore, some of the 
trade-offs between coherent and incoherent detection are considered in the 
following sections. Considered in turn are each of the four detection schemes; 
(1) incoherent detection of CW laser radiation, (2) coherent detection of CW 
laser radiation, (3) incoherent detection of pulsed laser radiation, and 
(4) coherent detection of pulsed laser radiation. 


Incoherent Detection of CW Laser Radiation 

For purposes of discussion, it is assumed that CW represents a chopping or 
modulation frequency of a few hundred hertz, or less. The background-limited 
noise-equivalent power Pp of a photoconductor is given by 


P 


= 2 


PbhvB 


(4) 


where Pjj is the background power received by the detector, B is the elec- 
trical bandwidth, and the other quantities are defined in equation (3) . 

The flux radiated by a black body at a temperature T in a wavelength 
interval X to X + AX into the surrounding hemisphere is given by the Planck 
expression 
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Hb(X,AX,T) 


2iThc2 1 



1 


AX 


(5) 


The power received by the detector is 


Pb = Hb(X,AX,T) — a (6) 

2tt 


where 

A area of telescope 

9 . = 7102 , solid angular field of view of telescope 

0 half-angle of FOV 

a transmission of cold filter 


For the lidar, the emissivity of the telescope can be neglected in compar- 
ison with the emissivity of the Earth. The etendue being constant through an 
optical system without loss, aJ^ can be calculated in front of the telescope 
or at the detector. 


Combining equations (4), 
X = 10 Urn, AX = 0.1 Mm, A = 
or 1 0“^ rad results in 


(5), and (6) and replacing T = 290 K, 

1 m2, a = 0.5, n = 0.5, and 9 = 10“^ rad 


P„ « 2 X 10-''5 w/HzV2 

(0 = 10-5 rad) 

(7) 

P„ « 2 X 10-''4 w/HzV2 

(9 = 10-4 rad) 

(8) 


It should be noted that these values are two or three orders of magnitude 
smaller than those obtained from conventional calculations, which usually 
assume a rather wide detector FOV (e.g., 30°) and no spectral filtering of 
background radiation. The narrow FOV's and spectral filtering assumed are 
typical of a lidar receiver system. The aperture of 10“^ rad is the aperture 
proposed for the ESA lidar, and an aperture of 10“^ rad corresponds to the 
diffraction limit of a 1 m telescope at wavelength 10 ym* For various reasons 
(e.g., avoidance of beam splitter losses and backscattered transmitter radia- 
tion into the receiver) the FOV for a direct detection lidar would most likely 
be about 10 times the diffraction limit. (For example, the transmitted beam 
can be reflected off the backside of an obscuring secondary mirror in a 
Cassegrain telescope.) Hence, for concreteness, a 10“^ rad direct detection 
FOV is assumed in the following comparisons. The results should be appropri- 
ately adjusted for other FOV's. 
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Experimentally, Keyes and Quist (1970) have shown that the P^ of a 

Ge:Cu detector fully enclosed by liquid helium temperature was 10"^^ W. 

More recently. Si; As detectors that operate in the 1 0 to 20 )im region have 
exhibited P^^ of 2.5 x 10“^^ W when similarly immersed. Consequently, liquid- 
helium-cooled detectors with a 10“^ rad FOV can be fabricated which have a 
background-limited Pj^ of 2 x 10”^^ W, or smaller. 

For a 1 m telescope on Spacelab with a 10“^ rad FOV, the average size of 
the speckle lobes will nearly equal that of the telescope; consequently, time- 
averaging of the speckle pattern returned from the Earth's surface, clouds, or 
aerosols will be needed. If, however, the transmitted laser beam is spread 
into a 10“^ rad cone, spatial averaging of speckle will occur since the lobes 
will be 1 0 times smaller and several will be detected simultaneously. 

There is a question as to whether liquid helium temperatures can be 
achieved for the duration of a Shuttle flight; or would it be better to oper- 
ate an infrared detector at liquid nitrogen temperature? In the latter case, 
the increased value of Pj^ results in higher Pfj, according to equation (4) . 
(For a photodiode, the factor of 2 in equation (4) is eliminated since there 
is no recombination-noise component, but this does not compensate for the 
full effect of raising the background temperature from 4.2 K to 77 K.) For a 
liquid-nitrogen-cooled photovoltaic detector, amplifier noise limits P^j to 
between 10“^^ and 10“^^ W. 


Coherent Detection of CW Laser Radiation 

Arams et al. (1967) have derived equations for P^j for coherent detection 
using the photoconductor Ge;Cu at liquid helium temperature. With a post- 
detection time constant T, the equation becomes 


hVgB k (T[^ + Tjp)B 



where 

T) detector quantum efficiency 

B IF bandwidth 

k Boltzmann constant 

Tjij temperature of mixer (infrared detector) 

Tjp effective noise temperature of preamplifier 

G infrared detector gain 
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For a typical high-frequency GeiCu detector and commercially available pream- 
plifier, the noise-equivalent power (calculated) for B = 1 MHz, T = 1 s, and 
T = 4.2 K is found to be 8 x 10“^^ W. 

Further, Peyton et al. (1970) have derived equations for Pj^ for coherent 
detection using a photovoltaic detector which can operate at 77 K rather than 
the 4.2 K needed for Ge:Cu. In this case, P„ becomes 


hVgB k(TM + Tip)B 



The factor of 2 improvement in fundamental detection limit (first term on 
the right-hand side) steins from the absence of recombination noise in the 
photodiode. 

In a comparison of theory with experiment, Arams found the measured P^j to 
be only 6 percent higher than the theoretical value. If the local oscillator 
power is sufficient to overcome the mixer and amplifier noise contributions, 
then for a 1 MHz bandwidth and 1 s post-detection integration time a photovol- 
taic detector with quantum efficiency of 0.4 will yield P^ = 5 x 1 0"^ ^ W. 

It is reasonable to assume that the laser frequency stability will permit 
a bandwidth of as small as 1 MHz to be employed during coherent detection. 

(The frequency stability of continuous-wave CO2 lasers is usually much better 
than 1 MHz.) Consequently, a wi de-bandwidth (100 MHz) preamplifier can be 
used in conjunction with a second mixer and a narrow-bandwidth (1 MHz) Doppler 
tracking receiver. (This technology is currently being used, for example, in 
a laser terrain avoidance system developed by United Technologies Research 
Center and at the M.I.T. Lincoln Laboratory laser radar facility.) In fact, 
bandwidths less than 1 MHz may be useful in reducing P^ still further. 

To summarize the case of CW operation, an incoherent detection system with 
10“'* rad FOV, 1 Hz electrical bandwidth, and 0.1 ym optical bandwidth and a 
coherent detection system with 1 MHz electrical (optical) bandwidth and 1 s 
integration time yield the following sensitivities; 


LHe cooled Si:As photoconductor (incoherent) 2 x 10“*^ W 

LHe cooled Ge:Cu photoconductor (incoherent) 2 x 10”*^ W 

LN cooled HgCdTe photodiode (incoherent) 2 x 10“*^ W 

LN cooled HgCdTe photodiode (coherent) 5x1 0“* ^ W 


Incoherent Detection of Pulsed Laser Radiation 

If a range resolution of 1 km is required, the detector frequency response 
should be at least 166 kHz. For an extrinsic photoconductor, such as doped ger- 
manium or silicon, this wide bandwidth requires smaller time constants, which 
will result in an increase in Johnson noise due to the load resistor and ampli- 
fier. This raises P^ for the fully enclosed case from 5 x 10“*^ W for 
B = 1 Hz to about 2 x 10“*^ W (by the square root of the bandwidth ratios) . 
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However, since P^ in a Shuttle application is governed by background radia- 
tion fluctuations, assuming the same conditions stated previously, the result- 
ing P„ using equation (4) is 8 x 1 2 ^ when a 1 66 kHz bandwidth is used. 

Thus background radiation fluctuations are still the limiting source of noise. 
For an intrinsic photovoltaic device, such as HgCdTe, operating at 77 K, 

Pf, = 8 X W for pulsed operation. The HgCdTe photodiodes can be fabri- 

cated with flat frequency response to 1 GHz, whereas the extrinsic photocon- 
ductors must be doped with compensating donors in order to approach this high- 
speed capability; but this results in an accompanying reduction in responsivity . 
Thus for very high-speed applications, the intrinsic photodiodes become compar- 
atively better . 


Coherent Detection of Pulsed Laser Radiation 

In a heterodyne detection mode, P^ for a single pulse of laser radiation 
is given by 


hVgB 



For a 1 MHz bandwidth, and ri = 0.5, P„=4x 10“^^ W. The biggest effect of 

pulsed operation on coherent detection is expected to be degradation due to the 
fact that speckle effects cannot be suitably averaged, as was the case for CW 
operation. It does appear that spatial averaging can be employed successfully 
if a heterodyne detector array is used. (The frequency stability of continuous- 
wave CO 2 lasers is adequate for use with 1 MHz bandwidth receivers.) If the 
transmitter has a reasonably high pulse repetition rate (e.g., 100 Hz), time 
averaging can be employed to increase the signal- to-noise ratio. For this case, 
a 1 s integration time (average of 100 pulses) results in P^ = 4 x 1 0~^ ^ W. 
However, for direct detection, pulse- to-pulse averaging can also be used to 
reduce the effect of background fluctuations. Hence, a 100-shot direct- 
detection (10“^ rad) P„ of 8 X 10“^^ W is the appropriate value for comparison 
with the coherent 100-shot (10“^ rad) P^j. This yields 

(^n) coherent _ 

=5x10-3 

^^n^ direct 

where the coherent P„ is for 10~3 rad and 1 MHz and the direct P„ is for 
10“^ rad and 166 kHz. Note that this ratio increases by an order of magnitude 
if an FOV of 10~3 rad can be used for the direct detection system. 


Other Considerations 

The foregoing sections of appendix D have concentrated mainly on the dif- 
ference in ultimate detection sensitivity between coherent and incoherent detec- 
tion. There are other factors which enter into considerations for application 
on the Shuttle, and these are presented in the following section. 
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Transmitter/receiver size .- For incoherent detection, the transmitting 
telescope is usually smaller than the receiving telescope, so that the receiver 
field of view (B = d/f, where d is the detector size and f is the receiver 
focal length) is filled by the area projected by the laser beam onto the scat- 
tering surface. If Pq is the transmitted power, is the receiver area, 

and L is the pathlength to the irradiated (Lambertian) reflector of reflec- 
tivity the received power is 

^Po 

Pr= — Ar (12) 

TTL^ 

If the detector size is increased to the point where the projected transmitter 
and receiver areas are equal, the area of each speckle lobe returned to the 
receiver is Agp = Aip < Aj^. Thus several speckle lobes are simultaneously col- 
lected and averaged by the receiver . 

For coherent detection, when the receiver area is equal to the transmitter 
area, the received power is also given by equation (12), but the field of view 

(limited by the etendue of the system) is Since the size of the 

speckle lobe at the receiver is equal to the transmitter aperture, there is 
no destructive interference caused by speckle. If, on the other hand, the 
receiver diameter is larger than the transmitter diameter, several speckle 
lobes are collected by the detector simultaneously and destructive interfer- 
ence occurs since the phases of each lobe are uncorrelated. Consequently, for 
coherent detection, the receiver aperture should not be larger than the trans- 
mitter aperture. 

Doppler shift due to hills and valleys .- The question has been raised as 
to the influence of hills and valleys on the beat frequency of the return sig- 
nal during heterodyne detection. The beat frequency is not affected by changes 
in terrain because the detected signal is produced by laser radiation reflected 
from many "glints" on the rough surface, each of which is fixed in distance 
from a spacecraft moving parallel to the Earth's surface. A related theo- 
retical analysis has been verified experimentally by several groups. Most 
notably, the Laser Absorption Spectrometer (LAS) measurements described by 
Shumate and Menzies (1977) were made with a fixed beat frequency of 3 MHz 
which was achieved by pointing the telescope at the ground slightly ahead of 
the aircraft. If hills and valleys with slopes to 45° were to have influenced 
the return signal, variations in beat frequency of up to 10 MHz would have been 
observed. No such variations were seen, in agreement with theory. Also, depo- 
larization of the 10 ym radiation by scattering is not expected to be signifi- 
cant. (See, e.g., Brandewie and Davis, 1972.) 

Wavelength considerations .- This comparison between coherent and incoher- 
ent detection has been restricted to 10 ym since that is the wavelength where 
most of the relevant theoretical and experimental work has been done. It is 
also an important wavelength region for some early Shuttle missions. At longer 
wavelengths, coherent detection becomes increasingly more favorable; at shorter 
wavelengths, incoherent detection becomes better, being decidedly superior at 
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the 1.06 ym wavelength of the NdtYAG laser. It should be recognized, however, 
that the narrow-bandwidth optical filter required to shield the incoherent 
detector from external background radiation will limit its usefulness to the 
narrow passband region; whereas for coherent detection the sensitive region of 
the infrared is governed by the local oscillator wavelength. This can be an 
important consideration for continuously or discretely tunable laser measure- 
ments which might involve tuning over more than 1.0 ym. 

System design .- Any optical elements in the receiver that attenuate either 
the transmitted or received power must be considered in any final evaluation of 
which detection scheme to use. For coherent detection, in order to have both 
the local oscillator power and the received power impinge on the mixer element 
colinearly, a beam splitter is used; this will cause some of the available 
laser power to be lost. There are techniques {e.g., feeding in the local 
oscillator power through the backside of the detector) which can reduce this 
loss. Other optical losses, such as those due to diplexing the transmit/ 
receiver channels when using the same telescope, are common to both incoherent 
and coherent detection. The penalty for increasing the receiver FOV in the 
incoherent detection system is increased noise. 


Conclusions 

On the basis of ultimate detector sensitivity considered in isolation, a 
coherent detector is two to three orders of magnitude better than a liquid- 
helium-cooled incoherent detector. However, the signal-to-noise ratio of the 
overall lidar system is the important performance indicator, and this factor 
may not improve in direct proportion to detection sensitivity for the reasons 
mentioned. Hence, an overall signal-to-noise calculation and design considera- 
tions specific to the particular Spacelab lidar experiment should be the decid- 
ing factors in selection of the detection scheme to be employed. 


ARRAY AND IMAGING DETECTORS 

One possible application of an array detector - resolving the interference 
pattern of a Fabry-Perot etalon - has already been described in this appendix. 
Another possible application would be to provide spatial resolution within a 
wide lidar field of view, for example, in cloud studies. This would permit 
sampling a wide swath along the suborbital path or matching the field of view 
of co-aligned passive radiometers, thus permitting more precise comparisons. 
Still another possible application would be in measuring the ground echo ampli- 
tude without detector saturation by using (for example) a streak tube to sweep 
the return signal across an array as a function of time. To date none of these 
applications of imaging detectors are known to have been implemented in any 
lidar. Hence, they are suggested here as possible later-generation features of 
the evolutionary Spacelab lidar. 

The range of types of array detectors is broad, including photodiode 
arrays, optical fiber arrays coupled to photomultipliers, multichannel plates, 
vidicons, charge-coupled devices, and charge-injection devices. (For a recent 
review, see Carruthers, 1977.) Developnent is proceeding very rapidly, with 
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units usually custom built for specific applications. It is therefore diffi- 
cult to characterize the range of possibilities by examples as in tables DI 
to Dili. Nevertheless, table DIV attempts a general overview. It can be seen 
that several types of array detectors have already been flown on spacecraft; 
many others are now being developed for future space flights. 
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TABI£ DI CHARACTERISTICS OF MDST PROMISING DETECTORS FOR SHUTTLE LIDAR 


(a) Direct, nonarray detectors 


Type 

Useful 
wave leng th 
range, \m 

Operating 

temperature 

(a) 

Cut-off 
frequency, Hz 

Quantum 

efficiency 

(b) 

Noise-equivalent 
power, W/Hz^/2 

(c) 

Optimum 

Maximum 

Photomultiplier 

Si .1 

-30° C 

1 50° C 

5 X 10^ to 5 X 10® 

so. 005 


Examples : 







Amperex 56 TWP 

0.2 to 0.75 

-100° C 


10® 

0.2 

.lO"'^ 

VPM-l 64A'3 

0.15 to 1.1 

-20° C 


10® 

«'0 . 02 at 1 . 06 VJm 

1 0~’ ® 

VPM-1 54M 





*0.2 at 0.53 ym 


RCA 7265 

0.3 to 0 . 75 

-100° C 

85° C 

10® 

*0.20 

10-12 

EMI 9684QB 

0.15 to 1.1 

-180° C 

60° C 

10® 

0.5 at 0 . 85 pm 

10"1® 

Avalanche photodiode 







Examples: 







Ge 

^2 



10® 

0.5 

• 1 0“1 2 

Si 

0.4 to 1 .1 

-40° C 

70° C 

5 X lo'^ 

0.5 

*10-1® 

GaAs 

SO. 9 



>10® 

0.5 

-lO'l ® 

Photoconductive 







Examples : 







GeCu 

S30 

10 K 


10® 


lO'l® 

HgCdTe 

S22 

77 K 

140 K 

5 X 10® 


-*J 

X 

o 

1 

to 

Photovoltaic 







Examples : 







InSb 

S5.5 

S77 K 

S150 K 

10® 

0.60 

*10-1® 

PbSnTe 

S12 

S77 K 

Si 00 K 

3x10® 

0.60 

*10-12 


S14 

S77 K 

SI 95 K 

2x10® 

0.50 

• 10-12 


^Performance shovn is achievable at optimum temperature; performance degraded but operation 
possible at maximum temperature. 

^At optimum wavelength unless otherwise noted. 

'^Optimum is not for device operating at maximum cut-off frequency. 

“^Tested for lidar suitability by SRI International under contract from NASA Langley Research 
Center (Evans, 1978). 


(b) Heterodyne detectors® 


Local 

oscillator 

(b) 

Photomixer 

Useful temperature 
range, K 

Cut-off 
frequency, MHz 

Noise-equivalent 
power, W/Hz 
(c) 

CO2 

PV: HgCdTe 

<570 to 120 

50 to 1000 

1 to 2 X 10-1® 


PC:GeCu 

4 to 20 

50 to 750 

1 to 2 X 10-1 ® 


PC:GeHg 

4 to 28 

50 to 500 

1 to 2 X 10-1® 


PV: PbSnTe 

*77 

5 to 50 

1 to 2 X 10-1® 

Two 12 c 1®02 
waveguide 
lasers; 
grating 
tunable 

Mercury-cadmium 

telluride; PV; IW2 
cooled; quantum 
efficiency of 
20 percent 

Photomixer can 
operate between 
60 and 1 40 

40 MHz; postdetection 

integration time between 
0.1 and 10 s depending on 
application 

1.5x10-16 


®Most heterodyne vrork has been carried out near X = 10.6 pm. 

*®Laser local oscillator and associated power supplies are key factors in determining 
weight and power requirements (cooler type is also important). 

will, in general, be inversely proportional to bandwidth. 

‘^Mixer temperature. 
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TABLE DII.- PHOTOCONDUCTIVE AND PHOTOVOLTAIC DETECTORS 


Material 

Peak 

wavelength, pm 

Nominal operating 
temperature, K 

Available response 
times, ps 

InSb 

5 

77 

<1 

HgCdTe 

^3 to 15 

70 to 100 

0.005 to 0.3 

PbSnTe 

to 14 

77 

0.02 to 0.1 

InAs 

3 

77 

<1 

GeAu 

7 

<60 

<2 

GeHg 

11 

<30 

<1 

GeCu 

25 

<20 

<1 


^Depends upon specific alloy composition. 
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ThBtE Dill.- HETERODYNE DETECTORS^ 


[3 to 12 ym region] 


Local 

oscillator 

(b) 

Photomixer 

Useful 
wavelength 
range. Pm 

Useful 
temperature 
range, K 

Cut-off 

frequency, MHz 

Noise-equi valent 
power, W/Hz 
(c) 

CO 2 

PVrHgCdTe 

9 to 11 

<^70 to 120 

50 to 1000 

1 to 2 X 10-19 


PCiGeCu 

9 to 11 

4 to 20 

50 to 750 

1 to 2 X 10-19 


PC:GeHg 

9 to 11 

4 to 28 

50 to 500 

1 to 2 X 10-19 


PV:PbSnTe 

9 to 1 1 

«77 

5 to 50 

1 to 2 X 10-19 

CO 

PV:InSb 

4. 5 to 4.9 

*77 

15 to 100 

*2 to 4 X 10-19 


PCiGeAu 


*77 

5 to 50 

5 X 10-19 


PVrHgCdTe 


*77 

5 to 100 

to 4 10“^^ 

HF 

PV-.InSb 

2.7 to 3.3 

*77 

15 to 100 

*2 to 4 X IQ-19 

DF 

PV:InSb 

3. 5 to 3.9 

*77 

15 to 100 

*2 to 4 X 10-19 

HeNe 

PV:InSb 

3. 39 

*77 

15 to 100 

*2 to 4 X 10-19 

Tunable diode 

PV:HgCdTe 

8.5 

77 

150 

*2 to 4 X 10-19 

(TDD ® 

PVrHgCdTe 

9.6 

30 



Heterodyne receivers in JPL laser absorption spectrometer (active) 

TWO ''2c''6o2 

Mer cury-cadmium 

9 to 11 

Photoraixer 

40 MHz; postdetection 

1.5 X 10-16 

waveguide 

telluride; PV; LN 2 


can operate 

integration time 


lasers; 

cooled; quantum 


between 60 

between 0. 1 and 


grating 

efficiency of 


and 1 40 K 

10s depending on 


tunable 

20 percent 



application 


Heterodyne receiver in JPL laser heterodyne radiometer (passive) 

1 ^C^ ^02 

Mercury-cadmium 

9 to 12 

Photomixer 

3 db roll-off at 

1.5 X 10-15 

waveguide 

telluride; PV; LNy 


can operate 

800 MHz; 


laser ; 

cooled; quantum 


between 60 

postdetection 


grating 

efficiency of 


and 140 k 

integration time 


tunable 

20 percent 



normally 1 0 s 



®Most heterodyne work has been carried out near X = 10.6 yiti. 

*^Laser local oscillator and associated power supplies are key factors in determining 
weight and power requirements (cooler type is also important) . 

will, in general, be inversely proportional to bandwidth. 

%ixer temperature. 

®Dnder development in 4 to 1 2 pm region. 
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TABLE DIV.- ARRAY AND IMAGING DETECTORS 


Type 

Useful 
wavelength 
range, yra 

Useful 
temperature 
range, °C 

Cut-off 
frequency, MHz 

Quantum 

efficiency 

Noise-equivalent 
power , W/Hz^ 

Photodiode array 

< 1,2 

-70 to -100 

>400, electronics limited 

Si .0 

10 “''^ 

Silicon- tar get vidicon® 


-30 to 30 


0.5, wavelength dependent 


Fiber optic array plus PMT's 

H9 

-30 to 30 

>400 

0.5, wavelength dependent 

10"'' 2 or fc> 10"''8 

Multichannel plate® 

H9 

-30 to 50 

®< 0.1 

0.5, wavelength dependent 

10 " 1 ® 

Charge-coupled devices^' ^ 

< 1.2 

TO -100 

10 

1.0 

10“' 2 

Charge-injection devices^'^ 

< 1.2 

To -100 

10 

1.0 

10"' 2 


^Low dynamic range (lO^) and poor linear response. 

photocathode dependent, photocathodes with IR response have larger Pp,. 
^Requite active memory for effective use. 

'^Rapid technology advances . 

^Limited by pixel charge. 

^More support logic to run charge injected device than charge coupled device. 
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Fabry-Perot 


I 

Plane mirror 


Air spaced 
^ 


Solid 


Spherical mirror 

\ 


Confocal 


1 

Defocused 


r 


“I 


Spatially Pressure Piezoelectric Fused Birefringent Electro-optic 

scanned silica (Lyot) birefringent 

(temperature 

tuned) 


^Pressure Piezo Pressure Piezo 

1 tuned tuned 

Spatially 
scanned 


Figure D1 Different Fabry-Perot types and applications. 


Light input 




Image at input to 
fiber optics bundle 
constant area 
concentric rings 

X = Kj r^ 



Streak tube output 


10 


Figure D2.' Possible arrangement for spatially scanning fringe pattern of a 

Fabry-Perot detector. 
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Absolute 
sensitivity , 
mA/W 



Wavelength, X , nm 

Figure d 3.- Spectral response of photocathode surfaces sensitive in near- 
ultraviolet and visible regions, including effects of window transmission. 
(From Photomultiplier Tubes, RCA Corp., 1971) 
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Absolute 

sensitivity, 

mA/W 



Wavelength, X , nm 


Figure D4.- Spectral response of visible-wavelength photoemissive surfaces, 
including effects of window transmission. (From Photomultiplier Tubes, 
RCA Corp., 7971) 
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Figure 05.- Absolute spectral response of photocathodes sensitive to 
near-infrared and visible wavelengths, including window effects. 
Separate curves indicate QE in percent. (From Photomultiplier 
Tubes, RCA Corp., 1971) 
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GLOSSARY 


AEM 

ATMOS 

BUV 

OEM's 

CLIR 

CW 

DOR 

DIAL 

EEL 

ERB 

ERBSS 

ESA 

ESMR 

EHG 

EOV 

EPL 

EWHM 

GARP 

GATE 

GISS 

HALOE 

HON 

HIRS 

IR 

JPL 

LHS 

LIMS 

LLLTV 

LRIR 

MAP 

METROMEX 

ME 

MST 

NASA 

NLC 

NMC 

NOAA 

OGO 

PMT 

pps 

PRE 

QE 

SAGE 

SAM 

SAMS 

SBUV/TOMS 

SCAMS 


Applications Explorer Mission 

Atmospheric Trace Molecules Observed by Spectroscopy 
backscatter ultraviolet 
chlorof luoromethanes 

Cryogenic Limb-Scanning Interferometer and Radiometer 

continuous wave 

Diffraction Coupled Resonator 

Differential Absorption Lidar 

effective focal length 

Earth Radiation Budget 

Earth Radiation Budget Satellite System 

European Space Agency 

Electrically Scanning Microwave Radiometer 

fourth harmonic generation 

field of view 

flashlamp-pumped laser 

full width at half maximum 

Global Atmospheric Research Program 

Global Atmospheric and Transport Experiment 

Goddard Institute of Space Sciences 

Halogen Occultation Experiment 

Hurricane Model 

High Resolution Infrared Sounder 
infrared 

Jet Propulsion Laboratory 

Laser Heterodyne Spectrometer 

Limb Infrared Monitor of the Stratosphere 

Low-light level television 

Limb Radiance Inversion Radiometer 

Measurement of Atmospheric Pollution Instrument 

Meteorological Measurement Experiment 

medium frequency 

mesosphere/stratosphere/troposphere 
National Aeronautics and Space Administration 
noctilucent cloud 
National Meteorological Center 

National Oceanic and Atmospheric Administration 

Orbiting Geophysical Observatory 

photomultiplier tube 

pulses per second 

pulse repetition frequency 

quantum efficiency 

Stratospheric Aerosol and Gas Experiment 
Stratospheric Aerosol Measurement 
Stratosphere and Mesosphere Sounder 

Solar Backscatter Ultraviolet/Total Ozone Mapping System 
Scanning Microwave Spectrometer 
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APPENDIX E 


SEED 

SHG 

SME 

SNR 

SOAP 

TEA 

THG 

UARS 

UV 

VFM 

VHP 

VTPR 

YAG 

YALO 

c 

h 

K 

k 

Pn 

Pmax 

T 

X or X 
Z or z 
x2,x3,x4 

X 

P 


Science Objectives, Experiment Descriptions, and 
Evolutionary Flow Document 
second harmonic generation 
Solar Mesosphere Explorer 
signal-to-noise ratio 
Ca 2 La 8 (Si 04 ) g 02 
Transverse Excited Atmosphere 
third harmonic generation 
Upper Atmosphere Research Satellite 
ultraviolet 
Very Fine-Mesh Model 
very high frequency 

Vertical Temperature Profile Radiometer 
yttrium aluminum garnet 

■^ 3 ^ 1 5^1 2 

speed of light 

Planck's constant 

eddy diffusion coefficient 

Boltzmann constant 

noise-equivalent power 

maximum backscattering ratio 

temperature 

horizontal distance 

vertical distance 

frequency doubled, tripled, and quadrupled 

wavelength 

mean density 
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